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As pilot well expert in perilous wave 
That to a steadfast star his course hath bent, 

When foggy mists or cloudy tempests have 
The faithful light of that fair lamp yblent, 

And covered heaven with flidcous dreriment ; 

Upon his card and compas firmes his eye, 

The maysters of his long experiment, 

And to them does the steddy helm apply, 

Bidding his winged vessel fairly forward fly. 

Spbnber, Faerie Queenej B. ii. c. 7. 



BOOK VI. 

THE MECHANICAL •SCIENCES. 

HISTORY OF MECHANICS, 

FLUID MECHANICS. 


B 2 



KPAT02 BTA TE, (npfvfihlvroXtjAi^Q 
*Exh TiXoQ Sfjf Kovdh ifiTrodijJV tri. 

^SOHYLUS. Prom, Yinct. i 

You, Force and Power, have done your destined task 
And nought impedes the work of other hands. 



IKTpOBUCTIOil! 


W E enter now upon a new ‘region of the hurngj^i 
mind. In passing from^Astronomy to Mechanics 
we make a transition from the for'inal to the physiqpf 
sciences ; — from* time and space to force an^ matter; — ^ 
from phenomena to causes. ^Hitherto we have been 
concerned only with the paths and orbits, the periods* 
and cycles, the angles and distances, of the objects to 
which our sciences applied, namely, the heavenly 
bodies. How these motions are produced ; — by what 
agencies, impulses, powers, they*are determined to be 
what they are ; — of what nature are the objects them- 
selves ; — ^are si)eculatiofts which we have hitherto not 
dwelt upon. The history of such sfeculations now 
comes before us ; but, in the first place, we must con- 
sider the history of sj)eculations concerning motion in 
general, terrestrial as well as celestial. We must first 
attend to Mechanics, and afterwards return to Physical 
Astronomy. • 

In the same way in which the developement of Pure 
Mathematics, which began with the Greeks, i^as a 
necessary condition of tlie progress o^ Formal Astro- 
nomy, the creation of the science of Mechanics now 
became necessary to the formation and progress* of 
Physical Astronomy, freometry and Mechanics were 
studied for ^eir own sakes ; but they al^ supplied 
ideas, language, and reasoning t® other sciences. If 
the Greeks had not cultivated Conic Sections, Kapler 
could not have superseded Ptolemy; if the Greeks had 
cultivated Dynamics,^ Kepler might have anticipated 

Newton. # ** , 

• 

* ByrumiAi is the science which of Th? Pxessure of Bodies which 
treats of the Motions of Bodies, are in ^equilibrium and therefore 
SlatMA is the science which treats at rest. 
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CHAPTER 1. 

Prelude to the Epoch of Galileo. 


Sect I. — Prelude to tlve Science of Statics. 

S OME steps in tlie science of Motion, or rather in 
the science of Equilibrium, had been made by the 
ancients, as we have seen. Arcliimedes established 
satisfactorily the doctrine of the Lever, some important 
properties of the Center of Gravity, and the funda- 
mental proposition of Hydrostatics. But this begin- 
ning led to no permanent ]>x'ogress. Whether the 
distinction between the principles of the doctrine of 
Equilibrium and of Motion was clearly seen by Archi- 
medes, we do not know; but it never was caught hold 
of by any of the other writers of antiquity, or by those 
of the Stationary Period. What was still worse, the 
point which Archimedes had won wjis not steadily 
maintained. 

We have given some examples of the general igno- 
rance of the Greek i)hilosophers on such subjects, in 
noticing the strange manner in which Ai’istotle refers 
to mathematical properties, in order to account for the 
equilibrium of a lever, and the attitude of a man 
rising from a chair. And we have seen, in speaking 
of the indistinct id^as of the Stationary Period, that 
the attempts which were made to extend the statical 
doctrine of Archimedes, failed, in such a manner as to 
show that his followers had not clearly apprehended 
the idea on wliiqh his reasoning altogether depended. 
The clouds which he had, foi a moment, cloven in his 
advance, closed after^^him, and the former dimness and 
confusion settled agfi^in on the land. 

This dimness and confusion, with respect to all sub- 
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jects of mechanical reasoning, 
we now have to consider ; 
the first promulgation of the 
This is so important if. point thi 
further. 

Certain general notions of the connexion of cause 
and effect in motion, exist in the human mind at all 
periods of its dev elopement, aiid are implied in* thc^ 
formation of language and in t^e most familiar employ- 
ments of men’s thoughts. But these do not constituf^ 
a science of Meclianics, any more than the fictions of 
square and round make a Geoyietry, or the notions of 
months and years make an Astronomy. The unfold- 
ing these Notions into distinct -Ideas, on which can be 
founded j)rinciples and retisonings, is further requisite, 
in order to produce a science ; and, with respect to the 
doctrines of Motion, this was long in coming to pass ; 
men’s thoughts remained long entangled in their pri- 
mitive and unscientific dbnfusion. 

We may mention one or two featured of this confu- 
sion, such as we hnd in authors belonging to the period 
now under review. 

We have already, in speaking of the Greek School 
Philosophy, noticed the attempt to explain some of the 
differences among Motions, by classifjihg them into 
Natural Motions and Violent Motions^; and we have 
spoken of the assertion that heavy bodies fall qukker ' 
in proportion to their greater weight, 'f hese doctrines 
were still retained : yet the views which they implied 
were essentially erroneous and unsound ; for they did 
not refer distinctly to a liteasurable Force as the cause 
of all motion ^or change of motion ; and they con- 
founded the causes which produce^ and those which 
preserve, motion. Hence such princi])les did not lend 
immediately to any* advance of knowledge, though 
efforts were made to apply them, in the^cases both of 
terrestrial Mechanics and of the motions* o^ the hea- 
venly bodies. * ^ • 

The effect of the Inclined Plane was one of th§ first, 
as ifc was one of the most importaiit, propositions, on 
which modern writers employed themselves. It was 


prevailed still, at the 
namely, the period of 
Copernicln opinions, 
at I mist! illustrate it 
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found tliat a body, when supported on a sloping sur- 
face, might he sustained or raised by a force or exer- 
tion which 'wi )uld not have been able to sustain or raise 
it without such support. And# hence, T/ie Indvmd 
Plane was pladed in the list of Mechanical Powers, or 
simple machines by which the efficacy of forces is 
increased : the question was, in what proportion this 
increase of efficiency takes place. It is easily seen 
^ that the force requisite Jio sustain a body is smaller, as 
the slope on which it rests is smaller; Cardan (whose 
, work, De » Froportionihua NumerorurA, Motuum, P on- 
derum, &c., was published in 1545) asserts that the 
force is double when the angle of inclination is double, 
and so on for other proportions; this is probably a 
guess, and is an erroneous one. Guido Gbaldi, of 
Marchmont, published at Pesaro, in 1577, a work 
which he called MecJianicorum Liber, in which he 
endeavours to prove that an acute wedge will produce 
a greater mechanical effect thah an obtuse one, without 
determining in what proportion. There is, he observes, 
‘a certain repugnance* between the direction in which 
the side of the wedge tends to move the obstacle, and 
the direction in which it really does move. Thus the 
Wedge and the Inclined Plane are connected in prin- 
ciple. He als6 , refers the Screw to the Inclined Plane 
and the Wedge, in a manner which shows a just appre- 
' hension of the question. Benedetti (1585) treats the 
Wedge in a ^iifferent manner; not exact, but still 
showing some powers of thought on mechanical sub- 
jects. Michael Yarro, whose Tractatua de Motu was 
published at Geneva in 1584^ deduces the wedge from 
the composition of hypothetical motions, in a way 
which may appear*- to some persons an anticipation of 
tho doctrine of the Composition of Forces. 

There is another work on subjects of this kind, of 
which several editions were published in the sixteenth 
century, and which treats this matter in nearly the 
same way as Yarro, a^d in tavour of which a claim has 
been inade^ (I think an unfounded one), as if it con- 


1 Mr. Drinkwater’s Life of OoMeo, in the Lib. Usef. Kn. p. 83. 
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tained the true principle of this problem. ?Dhe work 
is ‘ Jordanus Nemorarius Be Fonderositate* The date 
and history of tliis author were probalty ^en then 
unknown ; for in 1539, Bbnedetti, cof retting some of 
the errours of Tartalea, says they are tak Ai ‘ a J ordano 
quodam antique.’ The book was probably a kind of 
school-book, and much used for an edition printed at 
Frankfort, in 1533, is stated to -be Cum gratia et pri- 
vilegio lmperial% Petro Apiano mathematico Ingot- 
stadiano ad xxx annos coniesso. But this edition* 
does not contain the Inclined Plane. Though those 
who compiled the work assert in words something like' 
the inverse proportion of Weights and their Velocities, 
they had not learnt at that tiioo how to apply this 
maxim to the Inclined Plane ; nor were they ever able 
to render a sound reason for it. In the edition of 
Venice, however, such an aj)f lication is attempted. 
The reasonings are founded on the Aristotelian assump- 
tion, ^ that bodies desceaid more quickly in pro])ortion 
as they are heavier.’ To this principle^are added some 
others ; as, that ‘ a body is heavier in j)roportion as it 
descends more directly to the center,’ and that, in pro- 
portion as a body descends more obliquely, the inter- 
cepted part of the direct descent is smaller. By means 
of these principles, the ‘descending foroc’ of bodies, on 
inclined planes, was compared, by a jti'ocess, which, so 
far as it forms a line of proof at alf, is a somgwhai# 
curious example of confused and vicious reasoning. 
When two bodies are supported on two^inclined j)lanes, 
and are connected by a string passing over the junction 
of the planes, so tliat^when one descends the other 
ascends, they must move through equal spaces on the 
planes \ but o*!i the plane which i^ more oblique (that 
is, more nearly horizontal), the vertical descent wiU be 
smaller in the sam^ proportion in which' the plane is 
longer. Hence, by the Aristotelian principle, the 
weight of the body on the longer j)la^e % less ; and, to 
produce an equality of eflbct, the body mvs£ be greater 
in the same proportion. We^Dlfay observe that the 
Aristotelian principle is not only false, but is here 
misapplied; for its genuine meaning is, that when. 
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fall freely by gravity, they move quicker in pro- 
portion as they are heavier ; but the rule is here applied 
to the mofoiois which bodies would have, if they were 
moved by a ubi'ce extraneous to^ their gravity. The 
proposition wW supposed by the Aristotelians to be 
true of actual velocities; it is applied by Jordanus to 
virtual velocities, without his being aware what he 
Ajas doing. This confusion being made, the result is 
got at by taking for gi*aiited that bodies thus proved to 
'be equally heavy, have equal powers of descent on the 
inclined planes ; whereas, in the previous ))art of the 
reasoning, the weight wf^ supposed to be pro})ortioiial 
' to the descent in the vertical dm^ction. It is obvious, 
in all this, that thouglj the author had ado]^ted the 
false Aristotelian principle, he had not settled in his 
own mind whether the motions of which it spoke were 
actual or virtual motions ; — motions in the direction 
ot the inclined plane, or of the intcrce])ted parts of the 
A^ertical, corresponding to these; nor whether the 
^ descending foico’ of a body was sometliing dilforent 
from its weight. We cannot doubt tliat, if he had 
been required to point out, with any exactness, the 
cases to which his reasoning a])plied, he would have 
been unable to do so; not ]>ossessing any of those clear 
fundamental Ideas of Pressure and Force, on which 
alone any real knowledge on such subjects must depend. 
The jvhole of Jdrdanus’s reasoning is an example of 
the confusion of thought of his j)eriod, and of nothing 
more. It no more suj)plied the want of some man of 
genius, who should give the subject a real scientific 
foundation, than Aristotle’s kpowiedge of the j)ropor- 
tioii of th^ ’^v'eights on the lever superseded the neces- 
sity of Archimedes’si ] )roof of it. * 

We are not, therefore, to wonder that, though this 
pretended theorem Wiis copied by pther writers, as by 
Tartalea, in his Quesiti et Inventioni Diver si, published 
1554? 1^2 made in the real solution of 

any one mechanical ])roblenf by means of it. Guido 
IJbaldi,* who, in 1 5 7^/,*^ writes in such a manner as to 
show that he had tajeen a good hold of his subject for 
his time, refers to Pappus’s solution of the problem of 
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the Inclined Plane, but makes no mention of that of 
Jordanus and Tartalea.^ No progress was likely to 
occur, till the matliematiciaas had distinctly tecovered 
the genuine Jdea o^Pre^ure, as a FoAe producing 
equilibritim, which Archimedes had possessed, and 
which was soon to reappear in Steviniis. 

Tlie proj)erties of the Le^s^r had always continued 
known to mathematicians, although, in the dark poriocL 
the superiority of the ])roof given by Archimedes had 
not been recognized. We ar^ not to be surprized, if 
reasonings like •those of Jordanus were ap2)licd to 
demonstrate the theories of the Lever witli apparent 
success. Writers on Mechanics were, as we have seen, 
so vacillating in their mode of jlealing with words and 
pro]>ositi(jns, that their maxim.s could be made to prove 
anything which was already known to be true. 

We j)roceed to speak of the lT<?giuniiig of the real 
progi*ess of JMechanics in modern times. 


Sect. 2 . — Revival of the Scientific Idea of Pressure . — 
Stevinus. — Equilibrium of Oblique Forces. 

The doctrine of the Center of Gravity was the part of 
the meclianical s])eciilations of x\rchiinedes which was 
most diligently prosecuted after his tin^e.* Pappus and 
others, among tlie ancienis, liad solvecj some new pro- 
blems on this subject, and Comniandiuus, in 1565, ^mb- ' 
lished De Centro Gravltatis Solidoi'ivtn. ,Huch treatises 
contained, for tlie most part, only mathematical conse- 
quences of the doctrines of Arcliimedt's ; but the ma- 
thematicians also retained a steady conviction of the 
mechanical pr(g)eii;y of the Center of Gravity^ namely, 
that all the widght of the body might be collected 
there, without any change in the mechanical results ; 
a conviction which cs closely connected with our fun- 
damental conce})tions of mechanical action. Such a 
princi})le, also, will enable us to detemnine Jhe result 

of many simple nujchauical arrangements; for iiistiince, 

• . * 

” tJbaldi moiCions and blames Jordunub’s \wy of treating the Lever, 
(See his Preface.) 
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if a matlieniatician of those days had been asked 
whether a solid ball could be made of such a form, 
that, when ]|laced on a horizontal plane, it should go 
on rolling foT<wta'd8 without^limit, merely by the effect 
of its own weight, he would probably lilive answered, 
that it could not ; for that the center of gravity of the 
ball would seek the lowest position it could find, and 
that, when it had found this, the ball could have no 
tendency to roll any further. And, in making this 
assertion, the supposed reasoner would not be antici- 
patiiig any wider proofs of the iinpoasibility of a per- 
petual mdixon^ drawn from principles subsequently 
discovered, but would be referring the question to cer- 
tain fundamental convictions, which, whether put into 
Axioms or not, inevitably accompany our mechanical 
conceptions. 

In the same wayi if Stevinus of Bruges, in 1586, 
when he published his Beghinselen der Waaghcomt 
(Principles of Equilibrium), J^iad been asked why a 
loop of chain, hung over a triangular beam, could not, 
as he asserted it could not, go on moving round and 
round perpetually, by the action of its own weight, he 
would probably have answered, that the weight of the 
chain, if it produced motion at all, must have a ten- 
dency to bring it into some certain j^osition ; and that 
when the chaift had reached this position, it would 
have no tendcfncy to go any furtlier ; and thus he 
would have reduced the impossibility of such a per- 
petual motion, '‘ to the conception of gravity, as a force 
tending to produce equilibrium ; a principle perfectly 
sound and correct. 

Upon this principle thus applied, Stevinus did esta- 
blish the fundamental property of the Inclined Plane. 
He supposed a loop of string, loaded with fourteen 
equal balls at equal distances, to hang over a trian- 
gular support which was composed of two inclined 
planes withca horizontal base, and whose sides, being 
unequal fn the' propoi*tion» of two to one, supported 
four and two balls respectively. He showed that this 
loop must hang at rest, because any motion would 
only bring it into the same condition in which it was 
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at first ; and that the festoon of eight balls which hung 
down below the triangle might be removed without 
disturbing the equilibrium ; so that fourj' batls on the 
longer plane would ]jalan<fe two balls* oil the shorter 
plane ; or in other words, the weights would be as the 
lengths of the planes intercepted by the horizontal line. 

Stevinus showed his firn^ possession of the truth 
contained in this principle, by deducing from it thg 
properties of forces acting in oblique directions under 
all kinds of conditions ; in sh<frt, he showed his entire ' 
ability to found ^pon it a complete doctrine of equili- 
brium; and upon his foundations, and without any 
additional support, the mathematical doctrines of Sta- 
tics might have been carried, to the highest pitch of 
perfection they have yet reached. The formation of 
the science was finished ; the mathematical dcvelope- 
ment and exposition of it were aldne open to extension 
and change. 

[2nd Ed.] Simon Stevin of Bruges,’ as he usually 
designates himself in the title-page of* his work, has 
lately become an object of general interest in his own 
country, and it has been resolved to erect a statue in 
honour of him in one of the public places of his native 
city. He was born in 1548, as I learn from M, 
Quetelet’s notice of him, and died in i6eo. Montucla 
says that he died in 1633 ; misled aP])arently by the 
preface to Albert Girard’s edition of •Stevin’s w^rks,i 
which was published in 1634, and which speaks of a 
death which took place in the preceding year; but on 
examination it will be seen that this refers to Girard, 
not to Stevin. ^ 

I ought to have mentioned, in consideration of the 
importance of* the. proposition, th^t Stevin distinctly 
states the tria 7 igle of forces ; namely, that three forces 
which act upon a point are in equilibrium .when t£ey 
are parallel and proportional to the three sides of any 
plane triangle. This includes the prfl^ciole of ^ the 
Composition of Statical Forces, Stevin alst> applies* his 
principle of equilibrium to cordage,, pullies, funicular 
polygons, and especially to the ^bits of bridles ; a 
branch of mechanics which he calls CJicdinothLipsis. 
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He has also the merit of having seen very clearly, 
the distinction of statical and dynamical problems. 
He remaj 5 :*ksjfchat the question, What force will support 
a loaded wKgoQ on an inielined plane? is a statical 
question, depegiding on simple conditions ; but that 
the question, What force will move the wagon? re- 
quires additional consideipations to be introduced. 

In Chapter iv. of this Book, I have noticed Stevin’s 
share in the re-discovery of the Laws of tJie Equili- 
hrium of Fluids, He Vlistinctly explains the hydro- 
dtaJtic paradox^ of which the discovery is generally 
ascribed td' Pascal. 

Earlier than Stevinus, Leonardo da Vinci must have 
a place among the discoverers of the Conditions of 
Equilibrium of Oblique Forces. He published no 
work on this subject ; but extracts from his manu- 
scripts have been published by Venturi, in his Essai 
su/r les Ouvrages Fliysico-Maidiematiques de Leonard da 
Vinci, woec des Fragmms tires de ses Manuscrits ap- 
portes dltcdien Paris, 1797 : and by Libri, in his 
Hist, des Sc, Math, en Italie, 1839. I have also my- 
self examined these manuscripts in the Royal Library 
at Paris. 

It appears that, as early as 1499, Leonardo gave a 
perfectly coixect statement of the proportion of the 
forces exerted by a cord which acts obliquely and sup- 
ports a weight on a lever. He distinguishes between 
the real lever, and the pof^mtial levers, that is, the per- 
pendiculars drkwn from the center upon the directions 
of the forces. This is quite sound and satisfactory. 
These views must in all probability have been suffi- 
ciently promulgated in Italy to influence the specula- 
tions of Oalileo ; whose reasonings resp^icting the lever 
much resemble those of Leonardo. — Da Vinci also 
anticipated Galileo in asserting that the time of descent 
of a body down an inclined plane is to the time of 
descent down" its vertical len^h in the proportion of 
the length pf the plane to the height. But this can- 
not> I ^hink, have ^een more than a guess : there is 
no vestige of a proof given.] 

The contemporaneous progress of the other branch 
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of mechanics, the Doctrine of Motion, interfered with 
this independent advance of Statics ; and to that we 
must now turn. We may observe, however, ihat true 
propositions respecting the^composition^f Ibrces appear 
to have rapidly diffused themselves. Tjie TractaJtua 
de Motu of Michael Varro of Geneva, already noticed, 
printed in 1584, had asserted, that the forces which 
balance each other, acting on the sides of a right- 
angled triangular wedge, are in the proportion o^ th^ 
sides of the triangle ; and although this assertion does 
not appear to h|i,ve been derived from a distinct iddSi 
of pressure, the author had hence rightly deduced the 
properties of the wedge and the screw. And shortly 
after this time, Galileo also established the same results 
on different principles. In hiS Treatise Ddle Scienze 
Mecanicive (1592), he refers the Inclined Plane to the 
Lever, in a soimd and nearly ^tisfactory manner ; 
imagining a lever so placed, that tne motion of a body 
at the extremity of on^ of its arms should be in the 
same direction as it is upon the plane. ^ slight modi- 
fication makes this an unexceptionable proof. 

Sect 3. — Prelude to the Science of Dynamics ^ — 
Attempts at the First Law of Motion, 

We have already seen, that Aristotle di^ded Motions 
into Natxiral and Violent. Cardan endeavoured to 
improve this division by making three classes ; VSlun- 
tary Motion, which is circular and uniform, and which 
is intended to include the celestial motions ; Natural 
Motion, which is stronger towards the end, as the 
motion of a falling body^ — ^this is in a straight line, 
because it is motion to an end, and nature Seeks her 
ends by the shortest road : and thircfly, ViolevU Motion, 
including in this term all kinds different from iSie 
former two. Cardali was aware that such Violent 
Motion might be produced by a very smalU force ; thus 
he asserts, that a spherical Jwdy resting on a horizontal 
plane may be put in motion by^ny force winch is 
suflBlcient to cleave the air; for which, however, he 
erroneously assigns as a reason, thb smallness of the 
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point 0^ contact.^ But the most common mistake 
of this period was, that of supposing that as force is 
requisite^ tojt move a body, so a perpetual supply of 
force is reqmsi^ to keep ih in motion. The whole of 
what Keplel ^^alled his ‘physicaV reasoning, depended 
upon this assumption. He endeavoured to discover 
the forces by which thq motions of the planets about 
the ^un might be produced ; but, in all cases, he con- 
sidered the velocity of the planet as produced by, and 
exhibiting the effect bf, a force which acted in the 
direction of the motion. Kepler’s esraays, which are in 
this respett so feeble and unmeaning, have sometimes 
been considered as disclosing some distant anticipation 
of Newton’s discovery of the existence and law of cen- 
tral forces. There is^ however, in reality, no other 
connexidh between these speculations than that which 
arises from the use the term force by the two writers 
in two utterly different meanings. Kepler’s Forces 
were certain imaginary qualities which appeared in the 
actual motiout which the bodies liad ; Newton’s Forces 
were causes which appeared by the change of motion : 
Kepler’s Forces urged the bodies forwards ; Newton’s 
deflected the bodies from such a progress. If Kepler’s 
Forces were destroyed, the body would instantly stop ; 
if Newton’s .were annihilated, the body would go on 
uniformly in a straight line. Kepler comj)ares the 
action of his Forces to the way in which a body might 
be 'driven round, by being placed among the sails of a 
windmill ; Newton’s Forces would be represented by 
a rope pulling the body to the center. Newton’s 
Force is merely mutual attraction ; Kepler’s is some- 
thing quite different from 'this ; for though he per- 
petually illustrates his views by th</ example of a 
^magnet, he warns us that the sun differs from the 
magnet in this respect, that its force is not attractive, 
but directive.'* Kepler’s essays may with considerable 


* In speakicg of the force which'* munem animi sententiam/ when 
would draw a body up inclined the plane becomes horizontal, the 
plane he observes, that * per com- requisite force is nothing. 

4 Epitome Astrm. Copem. p. i7d. 
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reason be asserted to be an anticipation of the Vor- 
tices of Descartes ; but they can with fio propriety 
whatever be said to anticipate Newton’^i I^amical 
Theory. ^ 

The confusion of thought which pre<rented mathe- 
maticians from seeing the difference between producing 
and preserving motion, wa% indeed, fatal to all at- 
tempts at J)rogress on this subject. We have alreadjj 
noticed the perjdexity in which Aristotle involved 
himself, by his endeavours to find a reason for the con- 
tinued motion o^ a stone after the moving^power had 
ceased tc^act ; and that he had ascribed it to the effect 
of the air or other medium in which the stone moves. 
Tartalea, whose Nuova Scienza^ is dated 1550, though 
a good pure mathematician, is still quite in the dark 
on mechanical matters. One of his propositions, in 
the work just mentioned, is (B. i^Proji. 3 ), ‘ The more 
a heavy body recedes from the beginning, or approaches 
the end of violent motion, the slower and more inertly 
it goes which he applies to the horizmital motion of 
projectiles. In like manner most other writers about 
this period conceived that a cannon-ball goes forwards 
till it loses all its projectile motion, and then falls 
downwards. Beiiedetti, who has already been men- 
tioned, must be considered {is one of tho first enlight- 
ened o]q)oneiits of this and other Aristotelian errours 
or puzzles. In his Speculationum Liber eiiice, 1 5^5,) 
he opposes Aristotle’s mechanical opinions, with great 
expressions of respect, but in a very sweeping manner. 
His cha]}ter xxiv. is headed, ‘ Whether this eiuiiieht 
man was right in Ids oj^nion concendng violent and 
natural motion.’ And after stating the Ar^totelian 
opinion just nfluitioned, that the Vdy is impelled by 
the air, he says that the air must impede rather than 
impel the body, and^that^ ‘the motion of the body, 
separately from the mover, arises by a certain natural 
impression from the impetuosity {es^ ^apetuositcite) 
received from the mover.’* He adds, that* in natural 
motions this impetuosity continualty increases, by the 
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continued action of the cause, — ^namely, the propension 
of going to fhe place assigned it by nature ; and tliat 
thus the vek city increases as the body moves from the 
beginning or ito path. Tins staj^cment shows a clear- 
ness of conception with regard to the cause of acce- 
lerated motion, which Galileo himself was long in 
acquiring. 

^ Though Benedctti was thus on the way to the First 
Law of Motion, — that all motion is uniform and recti- 
linear, except so far as it is affected by extraneous 
forces ; — this Law was not likely to either generally 
conceived, or satisfactorily proved, till the offier Laws 
of Motion, by which the action of Forces is rt^gulated, 
had come into view. Hence, though a partial appre- 
hension of this principle had preceded the discovery 
of the Laws of Motion, we must })lace the establish- 
ment of the principle in the period when those Laws 
were detected and established, the period of Galileo 
and his followers. 



CHAPTEE II. 


Inductive Epoch op Galileo. — Discovery of the 
Laws op Motion i!r Simple Cases. 


i,—^staMishme7it of the First Law Motion. 

A ft EE niatheinati clans had bogun to doubt or 
reject the authority of Aristotle, they were still 
some time in coming to the conclusion, that the dis- 
tinction of Natural and Violent Motions was altogether 
imteiuihle; — that the velocity of a body in motion 
increased or diminished in consequence of the action of 
exti’insic causes, not of any property of the motion 
itself; — and that the apparently universal fact, of 
bodies growing slower and slower, as if by their own 
disposition, till they finally stopped, from which Motions 
had been called Violent, arose from the action of ex- 
ternal obstacles not immediately obvious, as the friction 
and the resistiince of the air when a ball runs on the 
ground, and the action of gravity, wCen it is thrown 
u])wards. But the truth to which tfiey were at»last* 
led, was, that such caaiscs would account for all the 
diminution of vdocity which bodies ex])crience when 
a})parently left to themselves; and that without such 
causes, the motion of alhbodies would go on for ever, 
in a straight line and with a uniform velocity!. 

Who first, announced this Law a general form, it 
may be difficult to ]>oint out; its exact or approximate 
truth was necessarily taken for granted in all complete 
investigations on the subject of the laws of motion of 
falling bodies, and of bodies projected #o\s tp describe 
curves. In Galileo’s first Httemjjt to solve*the problem 
of falling bodies, he did not carry “his analysis back to 
the notion of force, and thereforev this law does not 
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appear. In 1604 he had an erroneous opinion on this 
subject; and|we do not know when he was led to the 
true docfrine which he published in his Discorso, in 
1638. In Ills ftiird Dialogue he^ives the instance of 
water in a vessel, for the purpose of showing that cir- 
cular motion has a tendency to continue. And in his 
first Dialogue on the Cop«rnican System^ (published in 
{630), he asserts Cirmilar Motion alone to be naturally 
uniform, and retains the distinction between Natural 
apd Violent Motion, fn the Dialogues on Mechanics^ 
however, pjiblished in 1638, but writfen apparently at 
an earlier period, in treating of Projectiles,^ fie asserts 
the true Law. ‘ Mobile super planum horizontale pro- 
jectum mente concipio omiii secluso impedimento ; jam 
constat ex his quae fusius alibi dicta sunt, illius niotum 
equabilem et perpetuum super ipso piano fiituruin esse, 
si planum in infinitum extendatur.’ ^ Conceive a 
moveable body u])on a horizontal plane, and suppose 
all obstacles to motion to be removed ; it is then mani- 
fest, from what has been said more at large in another 
place, that the body’s motion will be uniform and per- 
petual upon the plane, if the plane be indefinitely 
extended.’ His jmpil, Borelli, in 1667 (in the treatise 
De Vi Percussionis\ states the proposition generally, 
that ‘Velocity is, by its nature, uniform and perpe- 
tual;’ and this o])inion appears to have been, at that 
tim% generally "diffused, as we find evidence in Wallis 
and others. !^t is commonly said that Descartes was 
the first to state this generally. His Frmcipia were 
published in 1644 ; but his proofs of this First Law of 
Motion are i-ather of a theological than of a mechanical 
kind. IJis reason for tliis Law is,^ ‘ the immutability 
and simplicity of tie operation by whicl? God j)resei*ves 
ftuition iri matter. For he only preserves it ])recisely 
as it is in that moment in which 1^ j)reserves it, taking 
no account of that which may have been previously.’ 
Ke^iSoning of tljis abstract and d priori kind, though it 
may be urg^d in favour of true opinions aftcjr they 
have been inductiv^jly established, is almost equally 


' Pial.i. p. 40* 
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8 Pnndp. p. 34. 
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capable of being called in on the side of errour, as we 
have seen in the case of Aristotle’s philosophy. We 
ought not, however, to forget that the reference to 
these abstract and h^yrioA princi})les fis .^.n indication 
of the absolute universality and necessity which we 
look for in coinj)lete Sciences, and a result of those 
faculties by which such Science is rendered j)ossible, 
and suitable to man’s intellectual* nature. ^ 

Tlie induction by which the First Law of Motion is 
established, consists, as induction consists in all cases, 
in conceiving cl(farly the Law, and in perceiving the 
subordination of Facts to it. But the Law speaks of 
bodies not acted upon by any external force, — a case 
which never occurs in fact; ^id the difficulty of the 
step consisted in bringing all the common cases in 
which motion is gradually extinguished, under the 
notion of the action of a retarding force. In order to 
do this, Hooke and others showed that, by diminishing 
the obvious resistances, the retardation also became 
less; and men were gi*adually led to a distinct appreci- 
ation of the Resistance, Friction, &c., which, in all 
terrestrial motions, prevent the Law from being evi- 
dent; and thus tln^y at last established by experiment 
a Law which cannot be experimentally exemplified. 
The natural uniformity of motion was proved by 
examining all kinds of cases in which* motion was not 
uniform. Men culled the abstract Rule out o^ the* 
concrete Ex])eriment ; although the Rule was, in every 
case, mixed with other Rules, and each Rule could be 
collected from the Experiment only by supposing the 
others known. The per^ct simplicity which we neces- 
sarily seek for in a law of nature, enables uj to disen- 
tangle the coifiplexity which this gombination appears 
at first sight to occasion. ^ 

The First Law o^ Motion asserts that tile motion of 
a body, when left to itself, will not only be uniform, 
but rectilinear also. This latter p{^t\)f the law is 
indeed obvious of itself, soon as we conceive a l)ody 
detached from all special refermi^e to external points 
and objects. Yet, jis we have seen, jSralileo asserted that 
the naturally uniform motion of bodies was that which 
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takes place in a circle. Benedetti, however, in 1585, 
had entertaj^ied sound notions on this subject. In 
commenting on Aristotle’s question, why we obtain an 
advantage in throwing by using ^ sling, he says,^ that 
the body, when whirled round, tends to go on in a 
straight line. In Galileo’s second Dialogue, he makes 
one of his interlocutors (8implicio), when appealed to 
pn this subject, after thinking intently for a little 
while, give the same opinion ; and the principle is, from 
this time, taken for granted by tlie authors who treat 
of the motion of projectiles. Descaiaes, as might be 
supposed, gives the same reason for this as for the 
other part of the law, namely, the immutability of the 
Deity. 

Sect. 2. — Formation and Ajyplication of the Notion of 
Accelerating Force. — Laivs of Falling Bodies. 

We have seen how rude and vague w^re th(‘ attem])ts 
of Aristotle add his followers to obtain a jJiilosojhy of 
bodies falling dowmvards or tlirowui in any direction. 
If the First Law^ of Motion had been clearly knowui, 
it would then, perhaps, have been seen that the w^ay 
to understand and analyse the motion of any body, is 
to consider the Causes of clvange of motion wdiicli at 
each instant operate upon it; and thus men would 
havoj been led to the notion of Accelerating Forces, 
that is, Forces wdiich act upon l.'odies already in motion, 
and accelerate, retard, or deflect their motions. It 
was, however, only after many attemj)ts that they 
reached this })oint. They began by considering the 
whole motion with reference to certain ilbdcilined abs- 
tract Notions, instead of considering,^ with a clear 
apprehension of the conditions of Causation, the suc^ 
cessive parts of which the motion consists. Thus, they 
spoke of the tendency of bodies to the Center, or to 
tlieip Owi][ PiUce ; — of Projecting Force, of Impetus, of 
Betraction j^with little or no profit to knowledge. 
The indistinctness 8f their notions may, perhaps, be 


4 ‘Corpus relict recta iter peragere.’ Spemlationum Lihcr^ p. 160. 
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judged of from their speculations concerning pro- 
jectiles. Santbach/'* in 1561, imagined that a body 
thrown with great velocity, as, for instance, a i)all from 
a cannon, went in a straight line tilh aM its velocity 
was exhausted, and tTien fell directly downwards. Ho 
has written a treatise on gunnery, founded on this 
absurd assum])tioii. To thig succeeded another doc- 
trine, which, though not mucli n4>re philosophical than 
the f(u*mer, agreed much better with the j)hcnomena* 
Nicolo Tartalea {Nuova ScierSi^a, Yeiiice, 1550; Que- 
siti et Inventioi^ Diversiy ^554) Gualtier Hivifts 
{Architectural <fec., Basil, 1582) represented ^the path of 
a cannon-ball as consisting, first of a straight line in 
the direction of the original projection, then of an arc 
of a circle in which it went on* till its motion became 
vertical downwards, and then of a vertical line in wliich 
it continued to fall. The latter q/' these writers, how- 
ever, was aware that the path must, fi’om the first, be 
a curve; and treated it as a straight line, only because 
the curvature is very slight. Even Sajitbach’s figure 
re})resents the ])ath of the ball as })artially descending 
before its final. fall, but then it descends by steps, not 
in a curve. Santbaeh, therefore, did not conceive the 
Composition of the efiect of gravity with the existing 
motion, but su})posed them to act alteri^ately ; Bivius, 
howev(ir, understood this Composition, and saw that 
gravity must act ius a deflecting force at every })oint of 
the path. (Galileo, in his second Dialogue,® nSikes 
Simplicius come to the same conclusi(fn. ^ Since,’ he 
says, ‘ there is nothing to support the body, when it 
(piits that which projects it, it cannot be but that its 
proper gravity must operate,’ and it must immediately 
begin to decline downwards. * 

The Force of Gravity which thu^ produces deflection 
and curv'ature in the ]jath of a body thrown ohliqMp, 
constantly inci*eases*the velocity of a body when it falls 
vertically downwai'ds. The universally (if this ihcrease 


® Problemaium Astronomicommet Geometucomim Sectiones vii.&c.&c. 
Auctore Daniele Santbach, Noviomago. Bailies, i 5 <Si. 

P- 147. 
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was obvious, both from reasoning and in fact ; the law 
of it could only be discovered by closer consideration; 
and the full 'Analysis of the problem required a distinct 
measure of the quantity of Accelerating Force. Galileo, 
who first solved this problem, began by viewing it as 
a question of fact, but conjectured the solution by 
taking for granted that the rule must be the simplest 
possible. ^ Bodies,’ he says,^ ‘ will fall in the most 
Simple way, because Natural Motions are always the 
most simple. When a* stone falls, if we consider the 
matter attentively, we shall find that lihere is no addi- 
tion, no increase, of the velocity more simple than that 
which is always added in the sjiine manner,’ that is, 
when equal additions take place in equal times ; ^ which 
we shall easily understand if we attend to the close 
connexion of motion and time.’ From this Law, thus 
assumed, he deduced that the spaces described from 
the beginning of the motion must be as the squares of 
the times ; and, again, assuming tliat tlie laws of 
descent for baljs rolling down inclined 2)lanes, must be 
the same as for bodies falling freely, he verified this 
conclusion by experiment. 

It will, perhaps, occur to the reader that this argu- 
ment, from the simplicity of the assumed law, is some- 
what insecure. It is not always easy for us to discern 
what that greatest simplicity is, which nature adoj)ts 
in her laws. A ccordingly, Galileo was led wrong by 
this' way of viewing the subject before he was led 
right. He at first supposed, that the Velocity which 
the body had acquired at any 2)oint must bo proi)or- 
tional to the Space described from the j joint where the 
motion began. Tliis false law is as simj)le in its enun- 
ciation a^* the true law, that the Velocity is propor- 
tional to the Time : it had been assci*ted as the true 
laV’by M. Varro (De Motu TractatuSy Geiievae, 1584), 
and by Baliani, a gentleman of Genoa, who published 
it in 1638. It was, however, soon rejected by Galileo, 
thou'gh it ' was a'fterwards taken up and defended by 
Casrseus, one of Gakko’s opponents. It so hapj^ens, 
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indeed, that the false law is not only at variance with 
fact, but with itself : it involves a math^atical self- 
contradiction. This circumstance, however, •sv'as acci- 
dental : it would be^asy to state law^ of* the increase 
of velocity which should be simj)le, and yet false in 
fact, though quite possible in their own nature. 

The Law of Velocity w«as fiitherto, as we have seen, 
treated as a law of phenomena^ without reference to 
the Causes of tlie la'^. ‘ The cause of the acceleration 

of the motions of falling bodies *s not,’ Galileo observes, 
* a necessaiy part of the investigation. Opinions are 
different. Some refer it to the aj)proach to *1110 center; 
others say that there is a certain extension of the cen- 
trical niediuin, which, closing behind the body, pushes 
it forwards. For the present, it is enough for us to 
demonstrate cerbiin pro 2 )ertios of Accelerated Motion, 
the acceleration being according# to the very simple 
Law, that the Velocity is pro})ortioiial to the Time, 
And if we find that the j)ro 2 >erties of such motion are 
verified by the motions of bodies descending freely, we 
may sup])ose that the assumption agrees with the laws 
of bodies falling freely by the action of gravity.’ ^ 

It was, however, an eiisy stej) to conceive this acce- 
leration as caused l)y the continual action of Gravity. 
This account had already been given by Beiiedetti, as 
we have seen. When it was once atlo 2 )ted, Gravity 
was considered as a constant or unifonU force ; on this , 
})oint, indeed, the adherents of the law of Galileo and 
of that of Casrjeus were agreed; but th? question was, 
what is a Uniform Force h The answer which Galileo 
was led to give was obviously this; — that is a Uniform 
Force wliich generates equal velocities in equal suc- 
cessive times ;* and this prmci])le leads at once to the 
doctrine, that Forces are to be compared by comparing 
the Velocities generated by them in equal times. 

Tlumgh, however, this was a consequence of the rule 
by which Gravity is represented as a Uniform Force, 
the subject presents some*difficulty a? first sight.* It 
is not immediately obvious that*^ may thus measure 
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forces by the Yelocity added in a given time, without 
taking into ^account the Velocity they have already. 
If we communicate velocity to a body by the hand or 
by a spring, %\i& effect we jiroduce in a second of time 
is les^eneci, when the body has already a velocity 
which withdraws it from the pressure of the agent. 
But it ai)pears that this i| not so in the case of gravity ; 
th(i velocity added iiicoue second is the same, whatever 
'downward motion the body already possesses. A body 
falling from rest acquires a velocity, in one second, of 
thirty-two feet; and if a cannon-balL^were shot down- 
wards with' a velocity of looo feet a second, it woidd 
equally, at the end of one second, have received an 
accession of 32 feet to its velocity. 

This conception of Gravity as a Uniform Force, — 
as constantly and equally increasing the velocity of a 
descending body, — wall become clear by a little atten- 
tion; but it uudoubtedly presents difficulty at first. 
Accordingly, we find that Descartes did not accej)t it. 
‘ It is certain,! be says, ‘ that a stone is ]iot equally 
disj>osed to r(‘C(dve a new motion oi* incr*ease of velocity 
when it is already moving very quickly, and when it 
is moving slowly,’ 

Descai*tes showed, by other expressions, that he had 
not caught h'.)ld of the true notion of accelerating 
force. Thus, life says, in a letter to Mersenne, ‘ I am 
astonisln?d at what you tell me, of having found, by 
experiment, that bodies tlirown uj) in the aii* take 
neither more nor less time to rise than to fall again; 
and you will excuse me if I say that I look u])on the 
experiment as a very difficult^one to make accurately.’ 
Yet it is clear from the Notion of a Constant Force that 
(omitting the resistance of the air), tlii# equality must 
take place ; for the Force which will gradually destroy 
the whole velocity in a certain time in ascending, will, 
in the same time, generate again flie same velocity by 
the same gradations inverted ; and therefore the same 
s})ace will be ])assed over 4 n the same time in the 
descent and in the af^ident. 

Another difficulty arose from a necessary conse- 
quence of the Laws of Falling Bodies thus established; — 
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the proposition, namely, that in acquiring its motion, 
a body passes throngli every intermedia%3 degree of 
velocity, from the smallest conceivable, up* to that 
which it at last acqiiires.* When a ifody fall^froni 
rest, it begins to fall with no velocity ; the velocity 
increases with the time ; and. in one thousandth part 
of a second, the body has onlj^acquired one tliousandth 
paid: of the velocity which it ha< at the end of one, 
second. , 

This is certain, and manifest on consideration ; yqf 
there was at first* much difficulty raised on the subject 
of this assertion ; and disputes took place concerning 
the velocity witli wliicb a body begins to fall. On this 
subject also Descartt^s did not form clear notions. He 
writes to a corres])ondent, ‘ 1 have been revising niy 
notes on Galileo, in which I have not said cx])ressly 
that falling bodies do not pass through every degree 
of slowness, but I said that this cannot be known with- 
out knowing what Weight is, which comes to the same 
thing; as to your exanqde, I grant that*it i)roves that 
every degree of velocity is infinitely divisible, but not 
that a falling body actually i)asscs through all these 
divisions.’ 

The Princi[»les of the Motion of Falling Bodies 
being tlius esta])lislied by Galileo, the •Deduction of 
the princi])al mathematical consequences was, as is 
usual, cifiecttnl witli great rapidity, and is to be fij^jiid 
in his works, and in those of his schj)lai*s and suc- 
cessors. The motion of bodies falling freely was, how- 
ever, in such treatises, generally combintHi with the 
motion of bodies Falling »long Inclined Plaiu's ; a part 
of the theory of which we have still to speak., 

Th(i Notion of Accelerating Forc^i and of its opera- 
tion, once formed, was naturally applied in other cages 
than that of bodies filling freely. The difiei’ent velo- 
cities with which heavy and light bodies fall were 
explained by the different resistance erf* ^iie §ir, wjjicli 
diminishes the accelerating force and it* was boldly 
asserted, that in a vacuum a loct of wool and a piece 
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of lead would fall equally quickly. It was also main- 
tained^® thpt any falling body, however large and 
heavy, 'v^ould always have its velocity in some degree 
dimiimhed Iby *the air in Which r».t falls, and would at 
last ^ reduced to a state of uniform motion, as soon 
as the resistance upwards became equal to the acce- 
lerating force downwards. Though the law of progi’ess 
^ of a body to tliis limiting velocity was not made out 
till the Prindpia of Newton a})])eared, the views on 
which Galileo made this assertion are j)erfectly sound, 
and show that he had clearly conceived the nature and 
operation of accelerating and retarding force. 

When Uniform Accelerating Forces had once been 
mastered, there remained only mathematical difficulties 
in the treatment of Variable Forces. A Variable 
Force was measured by the Limit of the increment of 
the Velocity, com] toed with the increment of the 
Time; just as a Variable Velocity was measured by 
the Limit of tlie iuc;*ement of the Space compared 
with that of tlie Time. 

With this introduction of the Notion of Limits, we 
are, of course, led to the Higher (Teonietry, either in 
its geometrical or its analytical form. Tlie general 
laws of bodies falling by the action of any Variable 
Forces were given by Newton in the Seventh Section 
of the Prindpia. The subject is there, according to 
N(^wtoii’s ])l^;ference of geomt^trical }uethods, treated 
by means of the Quadratiire of Curves; the Doctrine 
of Limits being exhibited in a peculiar manner in the 
First Section of the work, in order to prepare the way 
for such applications of it. Leibnitz, the Bernouillis, 
Euler, aTid since their time, many other mathemati- 
cians, have treat(*d such questions by. means of the 
analytical method of limits, the Differential Calculus. 
The Kectilinear Motion of bodies acted upon by vari- 
able forces is, of course, a simpler problem than their 
Curvilinear M(.‘tion, to which we have now to proceed. 
But it may be remarked ^that Newton, having esta- 
blished the laws of '‘Curvilinear Motion inde])endently, 


W iu. 54. 



DISCOVEKY OF THE LAWS OF MOTION. 2g 

t 

has, in a gi^eat part of his Seventh Section, deduced 
the simpler case of the Rectilinear Moti^ from the 
more complex problem, by reasonings of great ijflgenuity 
and beauty. 

0 . — Establishment of the Second Law of Motion , — 
Curvilinear Motions, 

A SLIGHT degree of distinctness in men’s mechanical* 
notions enabled tliem to percewe, as we have already 
explained, that ajjody which traces a curved line must 
be urged by some force, by which it is conSfc^ntly made 
to deviate from that rectilinear patli, which it would 
pursue if acted u])on by no force. Thus, when a body 
is made to describe a circle, as when a stone is whirled 
round in a sling, we find tliat tlie string does exert 
such a force on the stone ; for the string is stretclied by 
the cfibrt, and if it be .too sleiiAcr, it may thus be 
broken. This centrifugal force of bodies moving in 
circles was noticed even by the ancients. The effect of 
force to prodnc(i curvilinear motion also a])])ears in the 
paths described by projectiles. We have already seen 
that though Tartalea did not perceive this coiTectly, 
Rivius, about the same time, did. 

To see that a transverse force would produce a curve, 
was one step; to detern)iiie what tht^ cuiwe is, was 
another step, whicli involved the di§co^ery of the 
Second Law of Motion. This step was made ^y 
Galileo.’ In his Dialogues on Motio)i, ht asserts that 
a body projected horizontally will retain a uniform 
motion in the horizontal direction, and will have, 
compounded with this, a uniformly accelerated motion 
downwards, thqjjb is, the motion of a body falMng ver- 
tically from rest; and will thus tbscribe the curve 
called a parabola. • 

The Second Law of Motion consists of this assertion 
in a general form; — namely, that in iy|l cases the 
motion which the force will produce iiis compounded 
with -the motion which the body previously *has. This 
was not obvious; for Cardan had m'aintained,^^ that 
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‘ if a body is moved by two motions at once, it will 
come to tlKi place resulting from their composition 
slower tiian by either of them.’ The proof of the truth 
of the law to tralileo’s miM was, so far as we collect 
from the Dialogue itself, the simplicity of the suppo- 
sition, and his clear perception of the causes which, in 
some cases, produced an obvious deviation in practice 
from this theoretical result. For it may be observed, 
that the curvilinear paths ascribed to military projec- 
tiles by Rivius and Tartalea, and by other writers who 
followed them, as Digges and Ndrton in our own 
country, tliough utterly different from the theoretical 
form, the parabola, do, in fact, approach nearer the 
true paths of a cannon or musket ball than a parabola 
would do: and this approximation more especially 
exists in that which at first sight ap])ears most absurd 
in the old theory ; tiamely, the assertion that the ball, 
which ascends in a sloping direction, finally descends 
vertically. In consequence of the resistance of the 
air, this is really the patli of a i)rojectile; and when 
the velocity is very great, as in military projectiles, 
the deviation from the parabolic form is very manifest. 
This cause of discrepancy between the theory, which 
does not take resistance into the account, and the fact, 
Galileo perceived ; and accordingly he says,^^ that the 
velocities of the projectiles, in such cases, may be con- 
sidered as dkcessive and supernatural. With the due 
allowance to such causes, he maintained that his theory 
was verified, and might be applied in practice. Such 
practical applications of the doctrine of projectiles no 
doubt had a share in establi^iing the trutli of Galileo’s 
views. We must not forget, however, that the full 
establishment of, this second law of ^notion was the 
result of the theoretical and experimental discussions 
concerning the motion of the eajth : its fortunes were 
involved in those of the Copernican system; and it 
shared the ‘triumph of that doctrine. This triumph 
was already decisive, indeed, in the time of Galileo, 
but not complete fill the time of Newton. 


^ Op, vol. iii. p. 147. 
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Sect 4 . — Generalizatim of the Laws of E(failihrium , — 
Frinciple of Virtual Velocities. 

It was known, even as early as Aristotle, that the two 
weights which balance each other on the lever, if they 
move at all, move with velocities which are in the inverse 
proportions of the weights. The»pecnliar resources o^ 
the Greek language, which could state this relation of 
inverse propoi-tionality in a single word {dvriireTrovOev), 
fixed it in men’s* minds, and prompted them to gene- 
ralize from, this property- Such attempts were at first 
made with indistinct ideas, and on conjecture only; 
and had, therefore, no scienti^c value. This is the 
judgment which we must pass on the book of Jordanus 
Nemorarius, which we have already mentioned. Its 
reasonings are professedly on Aiistotelian })rinciples, 
and exhibit the common Aristotelian absence of all 
distinct mechanical ideas. But in Varro, whose Trac~ 
tatus de Motu appeared in 1584, we find the principle, 
in a general form, not satisfactorily proved indeed, but 
much more distinctly conceived. This is his first 
theorem: ‘Duarum virium connexarum quanim (si 
moveantur) motus erunt ipsis dvrnreTrovdwg propor- 
tionales, neutra alteram movebit, sed equilibrium 
facient.’ The proof offered of this is, *that the resist- 
ance to a force is as the motion produdbd^* and, aa^e 
have seen, the theorem is rightly applied in the exam- 
ple of the wedge. From this time it appears to have 
been usual to prove the properties of machines by 
means of this principle, ^his is done, for instance, in 
Les Raisons des Forces Mouvantes, the prodyction of 
Solomon de Cftus, engineer to th^ Elector Palatine, 
published at Antwerp in 1616; in which the effect .of 
Toothed-Wheels and of the Screw is ieteraained in this 
manner, but the Inclined Plane is not treated of. The 
same is the case in Bishop Wilkins’g McUljjeifnatical 
Magic, in 1648. • • 

When the true doctrine of the Inclined Plane had 
been established, the laws of equH^brium for all the 
simple machines or Mechanical Powers, as they had 
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usually been enumerated in books on Mechanics, were 
brought into view; for it was easy to see that the Wedge 
and th^ Screw involved the same principle as the 
Inclined Plandy and the Ptlley could obviously be re- 
duced to the Lever, It was, also, not difficult for a 
person with clear mechanical ideas, to perceive how 
any other combination ofibodies, on which pressure and 
^.traction are exerted; may be reduced to these simple 
machines, so as to disclose the relation of the forces. 
Hence by the discovery of Stevinus, all problems of 
equilibri\im were essentially solved. 

The conjectural generalization of the property of the 
lever, which we have just mentioned, enabled mathe- 
maticians to express the solution of all these problems, 
by means of one proposition. This was done by sapng, 
that in raising a weiglit by any machine, we lose in 
Time what we gairifim Force; the weight raised moves 
as much slower than the power, as it is larger than the 
power. This was explained with great clearness by 
Galileo, in the preface to his Treatise on Meclhanical 
Science^ published in 1592. 

The motions, however, which we here suppose the 
parts of the machine to have, are not motions which 
the forces produce ; for at present we are dealing with 
the case in which the forces balance each other, and 
therefore produce no motion. But we ascribe to the 
'Wmghts and Powers hyj)othetical motions, arising 
from some other cause , and then, by the construction 
of the machine, the velocities of the Weights and 
Powers must have certain definite ratios. These velo- 
cities, being thus hypothetically supposed and not 
actually produced, are called Virtual Y elocities. And 
the general law o^. equilibrium is, that in any machine, 
the Weights which balance each other, are recii)rocally 
to each other as their Yirtual Velocities. This is 
called the Principle of Virtual Velociiies, 

Xhis PriiJrciple (which was afterwards still further 
generalized) is, by some of the admirers of Galileo, 
dwelt upon as one'bf his great services to Mechanics. 
But if we examine it more nearly, we shall see that it 
has not much importance in our history. It is a gene- 
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ralization, but a generalization established rather by- 
enumeration of cases, than by any inductio^j. proceeding 
upon one distinct Idea, like those generaliz^ions of 
Facts by -which Law| are* primarily dfetablished. It 
rather serves verbally to conjoin Laws previously 
known, than to exhibit a connexion in them: it is 
rather a help for the memory than a proof for the 
reason. • 

The Principle of Virtual Velocities is so far from 
implying any clear possession of* mechanical ideas, that 
any one who kncWs the property of the Lever, whether 
he is capable of seeing the reason for it or ndt, can see 
that the greater weight moves slower in the exact pro- 
portion of its greater magnitude. Accordingly, Ari- 
stotle, whose entire want of sound mechanical views we 
have shown, has yet noticed this truth. When Galileo 
treats of it, instead of offering any j-easons which could 
independently establish this principle, he gives his 
readers a number of analogies and illustrations, many 
of them very loose ones. Thus the raising a great 
weight by a small force, he illustrates by supposing the 
weight broken into many small parts, and conceiving 
these parts raised one by one. By other persons, the 
analogy, already intimated, of gain and loss is referred 
to as an argument for the principle in question. Such 
images may please the fancy, but they cannot be 
accepted as mechanical reasons. • ^ 

Since Galileo neither first enunciated this rule, nor 
ever proved it as an independent principle of Mechanics, 
we cannot consider the discovery of it as one of his 
mechanical achievements.^ Still less can we compare 
his reference to this principle with Stevinus’s proof of 
the Inclined Plmie ; which, as we have seen, was rigo- 
rously inferred from the sound axiom, that a bo^ 
cannot put itself in motion. If we were. to assent to 
the really self-evident axioms of Stevinus, only in virtue 
of the unproved verbal generalization ^of^'Galileo, we 
should be in great danger allowing ourselves to be 
referred successively from one truth to another, without 
any reasonable hope of ever arriving^ at anything ulti- 
mate and fundamental. 
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But though this Principle of Virtual Velocity cannot 
be looked ijpon as a great discovery of Galileo, it is a 
highly useful rule ; and the varied forms under which 
he and his successors urgediit, tended much to dissipate 
the vague wonder with which the effects of mfichines 
had been looked upon ; and thus to diffuse sounder and 
clearer notions on such subjects. 

The Principle of .Virtual Velocities also affected the 
progress of mechanical science in another way ; it sug- 
gested some of the analogies by the aid of which the 
Third Law of Motion was made o\Lt ; leading to the 
adoption bf the notion of Mo'imntwm as the arithmetical 
product of weight and velocity. Since on a machine on 
which a weight of two pounds at one part balances 
three pounds at another part, the former weight would 
move through three inches while the latter would 
move through two. inches; we see (since three multi- 
plied into two is equal to two multiplied into three,) 
that the Product of the weight and the velocity is the 
same for the two balancing weights; and if we call this 
Product Momentum^ the Law of Equilibrium is, that 
when two weights balance on a machine, the Momentum 
of the two would be the same, if they were put in 
motion. 

The Notion of Momentum was here employed in 
connexion with Virtual Velocities : but it also came 
qgder consideration in treating of Actual Velocities, 
as we shall soon see. 

Sect 5 . — Attempts at tlie Third Law of Motion , — 
Notion of }{omentum. 

In the*^ questions we have hitherto ohad to consider 
respecting Motion, no regard is had to the Size of the 
body moved, but only to the Velocity and Direction of 
the motion. We must now trac(5 the progress of know- 
ledge respecting the mode in which the Mass of the 
body influences the effeet of Force. This is a more 
difficult and complex branch of the subject ; but it is 
one which requires to be noticed, as obviously as the 
former. Questions belonging to this department of 
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Mechanics, as well as to the others, occur in Aristotle’s 
Mechanical Problems. ‘Why,’ says he, •‘is^it, that 
neither very small nor ve^ large bod^ go far when 
we throw them ; butytin order that this may happen, 
the thing thrown must have a certain proportion to 
the agent which throws it? Is it that what is thrown 
or pushed must react against that which pushes it; 
and that a body so large as not to yield at all, or so 
small as to yield entirely, and not to react, produces no 
throw or push?’ The same confusion of ideas pre* 
vailed after his time: and mechanical questions were 
in vain discussed by means of general and abstract 
terms, employed with no distinct and steady meaning; 
such as im'petus^ •poioer^ niomenUmn, virtue^ ener^^y^ and 
the like. From some of these speculations we may 
judge how thorough the confusion in men’s heads had 
become. Cardan perjilexes himself with the difficulty, 
already mentioned, of the comparison of the forces ol 
bodies at rest and in motion. If the Force of a body 
depends on its velocity, as it appears to do, how is it 
that a body at rest has any Force at all, and how can 
it resist the slightest effort, or exei*t any pressure: 
He flattei’S hiuLself that he solves this question, bj 
asserting that bodies at rest have an occult motion 
‘ Corpus movetur occulto motu quiesceijcfo.’ — Anothei 
])uzzle, with which he appears to distresii himself rathei 
more wantonly, is this : ‘ If one man can draw half (STj 
certain weight, and another man also one half; whei 
the two act together, these pro^iortions sliould be com 
pounded ; so tliat they ought to be able to draw on^ 
half of one half, or one^ quarter only.’ The talen 
which ingeiiioiis men had for getting into sftch per 
plexities, was certainly at one time great. Arri 
aga,^^ who wrote in 1639, ^ troubled to discover ha\ 
several flat weights, l^ing one upon another on a boarc 
should produce a greater pressure than tlj^j lowest on 
alone produces, since that^ alone toud!ies tlfe botfrc 
Among other solutions, he suggqgts that the boai* 

13 aVTipfihlV. 
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affects the Tipper weight, which it does not touch, by 
determining- its uhication, or lohereiiess, 

Aristotle’s doctrine, that a body ten times as heavy 
as another, will fall ten tiSnes os fast, is another in- 
stance of the confusion of Statical and Dynamical 
Forces : the Force of the greater body, while at rest, 
is ten times as great that of the other ; but the 
1 Force as measured by the velocity produced, is equal in 
the two cases. The t^o bodies would fall downwards 
with the same rajiidity, except so far as they are 
affected by accidental causes. The ‘merit of proving 
this by experiment, and thus refuting the Aristotelian 
dogma, is usually ascribed to Galileo, who made his 
experiment from the famous leaning tower of Pisa, 
about t590. But others about the same time had not 
overlooked so obvious a fact. — F. Piccolomini, in his 
Liher Scientice deN'atura, published at Padua, in 1597, 
says, ‘ On the subject of the motion of heavy and 
light bodies, Aristotle has put forth various opinions, 
which are contrary to sense and experience, and has 
delivered rules concerning the proportion of quickness 
and slowness, which are palpably false. For a stone 
twice as great does not move twice as fast.’ And 
Stevinus, in the Appendix to his Statics, desciibes his 
having made ^he experiment, and speaks with great 
correctness of the apparent deviations from the rule, 
ailsing from the resistance of the air. Indeed, the 
result followed by very obvious reasoning ; for ten 
bricks, in contact with each other, side by side, would 
obviously fall in the same time as one ; and these 
might be conceived to form a body ten times as large 
as one ^of them. Accordingly, Benedetti, in 1585, 
reasons in this mrnner with regard to bodies of dif- 
ferent size, though he retains Aristotle’s errour as to 
the different velocity of bodies 6 i different density. 

The next^step in this subject is more clearly due to 
Galileo > he discovered the true proportion which the 
Accelerating Force of a body falling down an inclined 
plane bears to the Accelerating Force of the same 
body falling freely. This was at first a happy conjec- 
ture ; it was then confirmed by experiments, and, 
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finally, after some hesitation, it was referred to its true 
principle, the Third Law of Motion, with* proper ele- 
mentary simplicity. The Principle here spoken of is 
this : — that for the sa|pe b^dy, the DynS-mical effect of 
force is as the Statical effect; that is, the Velocity 
which any force generates iQ a given time when it puts 
the body in motion, is proportional to the Pressure 
which the same force produces in » body at rest. The 
Principle, so stated, appears very simple and obvious ; 
yet this was not the form in which it suggested itself 
either to Galileo* or to other persons who sought to 
prove it. Galileo, in his Blalogms on Motion, assumes, 
as his fundamental proposition on this subject, one 
much less evident than that we li^ve quoted, but one in 
which that is involved. His Postulate is,^® that when 
the same body falls down different planes of the same 
height, the velocities acquired am equal. He confirms 
and illustrates tliis by a very ingenious experiment on 
a pendulum, showing that the weight swings to the 
same height whatever path it be compelled to follow, 
Torricelli, in his treatise published 1644, says that he 
had heard that Galileo had, toward the end of his life, 
proved his assumption, but that, not having seen the 
proof, he will give his own. In this he refers us to 
the right principle, but appears not distkictly to con- 
ceive the proof, since he estimates monurdum indiscri- 
minately by the statical Pressure of a body, and by 
Velocity when in motion; as if these two quantities 
were self-evidently equal. Huyghena, in 1673, ex- 
presses himself dissatisfied with the proof by which 
Galileo’s assumption was sijpported in the later editions 
of his works. His own proof rests on this pijnciple ; 
— ^that if a bodj^ fall down one inclined plane, and pro- 
ceed up another with the velocity thus acquired, jt 
cannot, under any eifcumstances, ascend •to a higher 
position than that from which it fell. This principle 
coincides very nearly with Galileo’s exp^riftienjial illus- 
tration. In truth, howevef, Galileo’s principle, which 
^^ygiiens thus slights, may be looSed upon as a satis- 
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factory statement of the true law; namely, that, in 
the same bq^iy, the velocity produced is as the pressure 
which produces it. ‘We are agreed,’ he says,^® ‘ that, 
in a moveable Ibody, the intpeius^energy^ TnoTmnlum, or 
propension to motion^ is as great as is the force or least 
resistancs which suffices to support it.’ The various 
terms here used, both foi dynamical and statical Force, 
show that Galileo’s* ideas were not confused by the 
ambiguity of any one ^erm, as appears to have happened 
to some mathematicians. The principle thus announced, 
IS, as we shall see, one of great exteift and value ; and 
we read with interest the circumstances of its discovery, 
which are thus narrated.^' When Viviani was study- 
ing with Galileo, he expressed his dissatisfaction at the 
want of any clear reason for Galileo’s postulate respect- 
ing the equality of velocities acquired down inclined 
planes of the same heights; the consequence of which 
was, that Galileo, as he lay, the same night, sleepless 
through indisposition, discovered the proof which he 
had long sought in vain, and introduced it in the sub- 
sequent editions. It is easy to see, by looking at the 
proof, that the discoverer had had to struggle, not for 
intermediate steps of reasoning between remote notions, 
as in a problem of geometry, but for a clear possession 
of ideas which were near each other, and which he had 
not yet been afele to bring into contact, because he had 
yet a sufficiently firm grasp of them. Such terms 
as Momentuqi and Force had been sources of confusion 
from the time of Aristotle; and it required consider- 
able steadiness of thought to compare the forces of 
bodies at rest and in motioik under the obscurity and 
vacillation thus produced. 

The term Mom^vm had been introSuced to express 
the force of bodies in motion, before it was known what 
that effect was. Galileo, in his fiiscorso intomo alle 
Cose che stcmno in su VAcqua, says, that ‘ Momentum 
is the fov^e, iffi^acy, or virtue, with which the motion 
moves and •the body moved* resists, depending not upon 
weight only, but upon the velocity, inclination, and 


Galileo, Op. iii. 104. 


Drinkwater, Life of G(dileo, p. 5P. 
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any other cause of such virtue.’ When he arrived at 
more precision in his views, he determined, as we have 
seen, that, in the same body, the Momentum Ym'pro'por- 
tional to the Velocity^ and, hence it ^as easily seen 
that in different bodies it was proportional to the 
Velocity and Mass jointly. The principle thus enun- 
ciated is capable of very extensive application, and, 
among other consequences, leads to a determination of 
the results of the mutual Percussion of Bodies. But 
though Galileo, like others of his predecessors and con- 
temporaries, had Speculated concerning the problem of 
Percussion, he did not arrive at any satisfibtory con- 
clusion; and the problem remained for the mathema- 
ticians of the next generation to solve. 

We may here notice Descartes and his Laws of Mo- 
tion, the publication of which is sometimes spoken of 
as an important event in the history of Mechanics. 
This is saying far too much. The Principia of 
Descartes did little for physical science. His assertion 
of the Laws of Motion, in their most general shape, 
was perhaps an improvement in form; but his Third 
Law is false in substance. Descartes claimed several 
of the discoveries of Galileo and others of his contem- 
poraries ; but we cannot assent to such claims, when 
we find that, as we shall see, he did not understand, or 
would not apply, the Laws of MotioiJ when he had 
them before him. If we were to compare Descarjgs 
with Galileo, we might say, that of the meoiianical 
truths which were easily attainable in the beginning of 
the seventeenth century, Galileo took hold of as many, 
and Descartes of as few, was well possible for a man 
of genius. 

[2nd Ed.] ^The following remji.rks of ]&. Libri 
appear to be just. After giving an account of the doc- 
trines put forth on the subject of Astronomy, Mechanics, 
and other branches of science, by Leonardo da Vinci, 
Pracastoro, Maurolycus, Commandinu^ Benedettij^ he 
adds ; {Hist, ^des Sciences* Math^uUiques* en Italie, 
t. iii. p. 131;)* This short analysi^is sufficient to show 
that, at the period at which we arq arrived, Aristotle 
no longer reigned unquestioned in the Italian Schools. 
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If we had to write the history of philosophy, we 
should proye by a multitude of facts that it was the 
Italian^ho overthrew the ancient idol of philosophers. 
Men go on incffessantly repeating. that the struggle was 
begun by Descartes, and they proclaim him the legis- 
lator of modern philosophers. But when we examine 
the philosophical writings of Fracastoro, of Benedetti, 
of Cardan, and above all, those of Galileo ; when we 
see on all sides energetic protests raised against the 
peripatetic doctrines ; we ask, what there remained for 
the inventor of vortices to do, in ‘"overturning the 
natural philosophy of Aristotle ] In addition to this, 
the memorable laboui*s of the School of Cosenza, of 
Telesius, of Giordano Bruno, of Campanella ; the 
writings of Patricius, who was, besides, a good geome- 
ter ; of jNizolius, whom Leibnitz esteemed so highly, 
and of the other metaphysicians of the same epoch, — 
prove that the ancient philosophy had already lost its 
empire on that side the Alps, when Descartes threw 
himself upon the enemy now put to the rout. The 
yoke was cast off in Italy, and all Europe had only to 
follow the example, without its being necessary to give 
a new impulse to real science.* 

In England, we are accustomed to hear Francis 
Bacon, rather than Descartes, spoken of as the first 
great antagonist of the Aristotelian schools; and the 
l§frishitor of m*odern philosophy. But it is true, both 
of one and the other, that the overthrow of the ancient 
system had been effectively begun before their time by 
the practical discoverers here mentioned, ‘and others 
who, by experiment and reasoning, established truths 
inconsistent with the received Aristotelian doctrines. 
Gilbert in England, Kepler in GermaSiy, as well as 
Benedetti and Galileo in Italy, gave a powerful 
impulse to the cause of real knowledge, before the 
influence of Bacon and Descartes had produced any 
general effect: , What Bacon really did was this ; — 1 
that by tha august image*^ which he presented of a 
future Philosophy, the rival of the Aristotelian, and 
far more powerful, and extensive, he drew to it the 
affections and hopes of all men of comprehensive and 
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vigorous minds, as well as of those who attended to 
special trains of discovery. He announced a New 
Method, not merely a correction of special* current 
errours ; he thus coinverfed the Insurrection into 
a Revolution, and established a new philosophical 
Dynasty. Descartes had, in some degree, the same 
purpose ; and, in addition to tMs, he not only proclaimed 
himself the author of a New Method, but professed to^ 
give a complete System of the,results of the Method. 
His physical philosophy was put forth as complete an^ 
demonstrative, and thus involved the vices of the 
ancient dogmatism. Telesius and Campanefta had also 
grand notions of an entire reform in the method of 
philosophizing, as I have noticed in the Philosophy of 
the Inductive Sciences , Book xii.] 
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Sequel to the Epoch op Galileo. — Period op 

VERIPICJtfTION AND DEDUCTION, 

« 

T he evidence on which Galileo rested the truth of 
the Laws of Motion which he asserted, was, as we 
have seen/ the simplicity of the laws themselves, and 
the agreement of their consequences with facts ; proper 
allowances being made for disturbing causes. His 
successors took up and continued- the task of making 
repeated comparisons of the theory with practice, till 
no doubt remained of the exactness of the fundamental 
doctrines : they also employed themselves in simplify- 
ing, as much as possible, the mode of stating these 
doctrines, and in tracing their consequences in various 
problems by the aid of mathematical reasoning. These 
employments led to the publication of various Treatises 
on Falling Bodies, Inclined Planes, Pendulums, Pro- 
jectiles, Spouting Fluids, which occupied a great part 
of the seventeenth century. 

The authors of these treatises may be considered as 
t}i§ School of Galileo. Several of them were, indeed, 
his pupils or personal friends. Castelli was his disciple 
and astronomical assistant at Florence, and afterwards 
his correspondent. Torricelli was at first a pupil of 
Castelli, but became the ii>mate and amanuensis of 
Galileo j/i 1641, and succeeded him in his situation at 
the court of Florqrice on his death, wlfich took place 
a few months afterwards. Viviani formed one of his 
family during the three lastyears^of his life; and sur- 
viving him and his contemporaries, (for Viviani lived 
eve^ intQ this eighteenth century,) has a manifest plea- 
sure and pride in calling himself the last of the disciples 
of Galileo. Gasseiidi, an eminent French mathemati- 
cian and professor^ visited him in 1628 ; and it shows 
us the extent of his reputation when we find Milton 
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referring thus to his travels in Italy ‘There it was 
that I found and visited the famous Galileo, grown 
old, a prisoner in the Inquisition, for thinking In astro- 
nomy othei’wise than^the S'ranciscan Aid Dominican 
licensers thought.’ 

Besides the above writers, we may mention, as per- 
sons who pursued and illustrated Galileo’s doctrines, 
Borelli, who was professor at Florence and Pisa ; 
Mersenne, the correspondent qf Descartes, who was 
professor at Paris; Wallis, who was appointed Saviliaq 
professor at Oxfbrd in 1649, his predecessor being 
ejected by the parliamentary commissioners.* It is not 
necessary for tis to trace the progress of purely mathe- 
matical inventions, which constitute a great part of the 
works of these authors ; but a few circumstances may 
be mentioned. 

The question of the proof of the Second Law of 
Motion was, from the first, identified with the contro- 
versy respecting the truth of the Copernican System ; 
for this law supplied the true answer to the most for- 
midable of the objections against the motion of the 
earth ; namely, that if the earth were moving, bodies 
which were dropt from an elevated object would be 
left behind by the place from which they fell. This 
argument was reproduced in various forms by the oppo- 
nents of the new doctrine ; and the answers to the 
argument, though they belong to the history of AsQjj^ 
noiny, and form part of the Sequel to jihe Epoch of 
Copernicus, belong more peculiarly to the history of 
Mechanics, and are events in the sequel to the Disco- 
veries of Galileo. So tan, indeed, as the mechanical 
controversy was concerned, the advocates of tl^p Second 
Law of Motioif appealed, very triun^phantly, to experi- 
ment. Gassendi made many experiments on this 
subject publicly, of jv-hich an account is giVen in his 
Epistolce tres de Motu Impresso a Motore Tramlaio? 
It appeared in these experiments, tha^ Bodies let /all 
downwards, or cast upwards, forwards, or ^backwards, 
from a ship, or chariot, or man, wietlier at rest, or in 
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any degree of motion, had always the same motion 
relatively to the motor. In the apj)lication of this 
principle to the system of the world, indeed, Gassendi 
and other philosophers of his ti](ne were greatly ham- 
pered ; for the deference which religious scruples 
required, did not allow them to say that the earth 
really moved, but only tliat the physical reasons against 
^its motion were invalid. This restriction enabled 
Hiccioli and other writers on the geocentric side to 
involve the subject in metaphysical difficulties; but 
the conviction of men was not permaliently shaken by 
these, and ‘the Second Law of Motion was soon assumed 
as unquestioned. 

The Laws of the Motion of Falling Bodies, as 
assigned by Galileo, were confirmed by the reasonings 
of Gassendi and Fermat, and the experiments of 
Hiccioli and Grimaldi ; and the effect of resistance 
was pointed out by Marsenue and Dechales. The 
parabolic motion of Projectiles .was more especially 
illustrated by experiments on the jet which spouts 
from an orifice in a vessel full of fluid. This mode of 
experimenting is well adapted to attract notice, since 
the curve described, which is transient and invisible 
in the case of a single projectile, becomes permanent 
and visible when we have a continuous stream. The 
doctrine of the motions of fluids has always been 
zf^alously cultivkted by the Italians. Castelli’s treatise, 
Della Misura delV A cque Gorrentej (1638,) is the first 
work on this subject, and Montucla with justice calls 
him ‘ the creator of a new branch of hydraulics ^ 
although he mistakenly supi)iOsed the velocity of efflux 
to be a^ the depth of the orifice from the surface. 
Marsenne and Torricelli also pursued this subject, and 
aftier them, many others. 

Galileo’s belief in the near approximation of the 
curve described by a cannon-ball or musket-ball to the 
the9retic^il p?cri?bola, was somewhat too obsequiously 
adopted by- succeeding practical writers on artillery. 
They underrated, as he had done, the effect of the 
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resistance of the air, which is in fact so great as 
entirely to change the form and properties •f the curve. 
Notwithstanding this, the parabolic theory tv'as em- 
ployed, as in Andersoji’s AHqf Gunnery; (1674;) and 
Blondel, in his Art dejeter les Bomhes^ (1683,) 
calculated Tables on this supposition, but attempted to 
answer the objections which had been made respecting 
the form of the curve described.* It was not till a, 
later period, (1740,) when RoJ)ins made a series of 
careful and sagacious experiments on artillery, an^ 
when some of thb most eminent mathematicians cal- 
culated the curve, taking into account the resistance, 
that the Theory of Projectiles could be said to be 
verified in fact. 

The Third Law of Motion was still in some con- 
fusion when Galileo died, as we have seen. The next 
great step made in the school of Galileo was the deter- 
mination of the Laws of the motions of bodies in their 
Direct Impact, so far as this impact afiects the motion 
of translation. The difficulties of the problem of Per- 
cussion arose, in part, from the heterogeneous nature 
of Pressure (of a body at rest), and Momentum (of a 
body in motion) ; and, in part, from mixing together 
the efiects of percussion on the parts of a body, as, for 
instance, cutting, bruising, and breaking with its effect 
in moving the whole. 

The former difficulty had been seen with some cle?M^ 
ness by Galileo himself. In a posthumous addition to 
his Mechanical Dialogues, he says, ‘there are two 
kinds of resistance in a moveable body, one internal, 
as when we say it is mor(^ difficult to lift a weight of 
a thousand pounds than a weight of a hund^d ; an- 
other respecting space, as when we ^y that it requires 
more force to throw a stone one hundred paces than 
fifty.’ ^ Reasoning qpon this difference, he’ comes to 
the conclusion that ‘ the Momentum of percussion is 
infinite, since there is no resistance, JnJwevar great, 
which is not overcome by & force of percussion, how- 
ever small. He further explains this by observing 
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that the resistance to percussion must occupy some 
portion of time, although this portion may be insen- 
sible. This correct mode of removing the apparent 
incongruity of continuous and ii^tantaneous force, was 
a material step in the solution of the problem. 

The Laws of the mutual Impact of bodies were 
erroneously given by Descartes in his Primipia ; and 
appear to have been first correctly stated by Wren, 
Wallis, and Huyghepis, who about the same time 
(1669) sent papers to the Hoyal Society of London 
on the subject. In these solutions, "we perceive that 
men werfi gradually coming to apprehend the Third 
Law of Motion in its most general sense; namely, 
that the Momentum (which is proportional to the 
Mass of the body and its Velocity jointly,) may be 
taken for the measure of the effect ; so that this 
Momentum is as much diminished in the striking body 
by the resistance it experiences, as it is increased in 
the body struck by the Impact. This was sometimes 
expressed by saying that ‘the Quantity of Motion 
remains unaltered,’ Qv/mtity of Motion being used as 
synonymous with Momentum. Newton expressed it 
by saying that ‘Action and Reaction are equal and 
opposite,’ which is still one of the most familiar modes 
of expressing the Third Law of Motion. 

In this mode of stating the Law, we see an example 
Qf a propensity which has prevailed very generally 
among mathematicians ; namely, a disposition to pre- 
sent the fundamental laws of rest and of motion as if 
they were equally manifest, and, indeed, identical. 
The close analogy and connexion which exists between 
the pripciples of equilibrium and of motion, often led 
men to confound^ the evidence of the^ two ; and this 
c^»nfusion introduced an ambiguity in the use of words, 
as we have seen in the case of Momentum, Force, and 
others. The same may be said of Action and Reaction^ 
which have'” both a statical and a dynamical signifi- 
cation. And by this rnealis, the most general state- 
ments of the laws of motion are made to coincide with 
the most general , statical propositions. For instance, 
Newton deduced from his principles the conclusion, 
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that by the mutual action of bodies, the motion of 
their center of gravity cannot be affected. Marriotte, 
in his Traite de la Percussion (1684), had assented this 
proposition for the case of direct impact. But by the 
reasoners of Newton’# time, the dynamical proposition, 
that the motion of the center of gravity is not altered 
by the actual free motion and impact of bodies, was 
associated with the statical proj;)osition, that when 
bodies are in equilibrium, the center of gravity cannot^ 
be made to ascend or descend bjr the virtual motions 
of the bodies. This latter is a proposition which wa& 
assumed as self-evident by Torricelli; but which may 
more philosophically be proved from elementary statical 
principles. 

This disposition to identify the elementary laws of 
equilibrium and of motion, led men to think too 
slightingly of the ancient solid and sufficient founda- 
tion of Statics, the doctrine of the lever. When the 
progress of thought had opened men’s minds to a more 
general view of the subject, it was considered as a 
blemish in the science to found it on the properties of 
one particular machine. Descartes says in his Letters, 
that ‘ it is ridiculous to prove the pulley by means of 
the lever.’ And Varignon was led by similar reflec- 
tions to the project of his Nouvellc ]\fecanique^ in 
which the whole of statics should be founded on the 
composition of forces. This project was published in 
1687 ; but the work did not appear till 1725, after tBe 
death of the author. Though the atteftpt to reduce 
the equilibrium of all machines to the composition of 
forces, is philosoi)hical and meritorious, the attempt to 
reduce the composition ol Pressures to the composition 
of Motions, with which Varignon’s work is flccupied, 
was a retrograde step in the subject,* so far as the pro- 
gress of distinct mechanical ideas was concerned. * 

Thus, at the period at which we have now arrived, 
the Principles of Elementary Mechanics were generally 
known and accepted ; and tthere was In tJ^e*min(R of 
mathematicians a prevalent tendency to reduce them 
to the most simple and comprehensive form of which 
they admitted. The execution of 'this simplification 
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and extension, whicli we term the generalization of the 
laws, is so i|nportant an event, that though it forms 
part of <the natural sequel of Galileo, we shall ' treat of 
it in a separate chapter. But we must first bring up 
the history of the mechanics of fluids to the cor- 
responding point. 
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Discovery op the Mechanical Principles op 
Fluids. 


Sect. I. — Rediscovery of the Laws of JEquilihrium oj^ 
* Fluids. 

TTTE have already said, that the true laws of the 
VV equilibrium of fluids were .discovered by Archi- 
medes, and rediscovered by Galileo and Stevinus ; the 
intermediate time having been occupied by a vagueness 
and confusion of thought on physical subjects, which 
made it impossible for men to retain such clear views 
as Archimedes had disclosed. Stevinus must be con- 
sidered as the earliest of the authors of this redis- 
covery ; for his work {Principles of Statik and Hydro- 
statik) was published in Dutch about 1585; and in 
this, his views are perfectly distinct and correct. He 
restates the doctrines of Archimedes, and shows that, 
as a consequence of them, it follows that the pressure 
of a fluid on the bottom of a vessel may be much 
greater than the weight of the fluid itself: this he 
proves, by imagining some of the upper portions of the 
vessel to be filled with fixed solid bodies, which take 
the place of the fluid, and yet do not alter the pressure 
on the base. He also shows what will be the pres- 
sure on any portion of a base in an oblique position ; 
and hence, by Certain mathematical artifices which 
make an approach to the Infinitesimal Calculus, h» 
finds the whole pressure on the base in such cases. This 
mode of treating the subject would take in a large por- 
tion of our elementary Hydrostatics as tteScieiwje now 
stands. Galileo saw the pi^perties of fluids no less 
clearly, and explained them very disfinctly, in 1612, in 
Biscourse^gm Floating Bodies. It, had been main- 
tained by the Aristotelians, that was the jcause of 

VOL. II. E 
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bodies floating; and collaterally, that ice was condensed 
water; apf)arently from a confusion of thought between 
rigidify and ^nsity. Galileo asserted, on the contrary, 
that ice is rarefied water,* as %ppears by its floating ; 
and in support of this, lie proved, by various experi- 
ments, that the floating of bodies does not depend on 
their form. The happy genius of Galileo is the more 
remarkable in this* case, as the controversy was a good 
deal perplexed by the mixture of phenomena of an- 
other kind, due to what is usually called capillary or 
molecular attraction. Thus it is a*fact, that a hall of 
ebony sinks in water, while a flat slip of the same 
material lies on the surface ; and it required consider- 
able sagacity to sepg^rate such cases from the general 
rule. Galileo’s opinions were attacked by various 
writers, as Nozzolini, Vincenzio di Grazia, Ludovico 
delle Colombe ; and defended by his pupil Castelli, who 
published a reply in 1615. These opinions were gene- 
rally adopted and diffused; but somewhat later, Pascal 
pursued the subject more systematically, and wrote his 
Treatise of the Equilibrium of Fluids in 1653; in 
which he shows that a fluid, enclosed in a vessel, 
necessarily presses equally in all directions, by imagin- 
ing two pistons^ or sliding plugs, applied at difterent 
parts, the •surface of one being centuple that of the 
other : it is clear, as he observes, that the force of one 
•man acting at the first piston, will balance the force of 
one hundred men acting at the other. ' And thus,* 
says he, ‘ it appears that a vessel full of water is a new 
Principle of Mechanics, and a new Machine which will 
multiply force to any degree we choose.* Pascal also 
referi5pd the equilibrium of fluids to the ^ principle of 
virtual velocitiqp,’ which regulates the equilibrium of 
other machines. This, indeed, Galileo had done before 
him. It followed from this doctrine, that the pressure 
which is exercised by the lower parts of a fluid arises 
from the 'height of the upper parts. 

In alPthis there was ilothing which was not easily 
Rssented to: but* the extension of these doctrines to 
the air required,an additional efibrt of mechanical con- 
ception. The pressure of the air on all sides of us. 
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and its weight above us, were two truths which, had 
never yet been apprehended with any kind of clear- 
ness. Seneca, indeed,^ talks of the ‘gravity* of the 
air,’ and of its powef of diffusing itself when con- 
densed, as the causes of wind: but we can iiardly 
consider such propriety of phraseology in him as more 
than a chance; for we see the value of his philosophy 
by what he immediately adds: ‘ Do you think that we 
have forces by which we move ojirselves, and Ahat the 
air is left without any power of moving? when even, 
water has a motidh of its own, as we see in the growth 
of plants.’ We can hardly attach much value to such 
a recognition of the gravity and elasticity of the air. 

Yet the effects of these causfjs were so numerous 
and obvious, that the Aristotelians had been obliged 
to invent a principle to account for them; namely, 

* Nature’s Horrour of a Vacuum.’ To this principle 
were referred many familiar phenomena, as suction, 
breathing, the action of a pair of bellows, its drawing 
water if immersed in water, its refusing to open when 
the vent is stopped up. The action of a cupping 
instrument, in which the air is rarefied by fire ; the fact 
that water is supported when a full inverted bottle is 
placed in a basin ; or when a full tube, open below and 
closed above, is similarly placed; the running out of 
the water, in this instance, when the top is opened ; 
the action of a siphon, of a syringe, of* a pump; tha» 
adhesion of two polished plates, and othej facts, were 
all explained by the J'tcga vacui, Inde^, we must 
contend that the principle was a very good one, inas- 
much as it brought together all these facts, which are 
really of the same kind, and referred them to a common 
cause. But whSn urged as an ultiij^ate principle, it 
was not only unphilosophical, but imperfect and wrongs 
It was unphilosophicalj because it introduced the notion 
of an emotion, Horrour, as an account of physical 
facts; it was imperfect, because it wa% it begt only 
a law of phenomena, not jlbinting out any physical 
cause; and it was wrong, because it^gave an unlimited 
s . 

1 QwJBSt Kat, V. 5 . 
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^xtent' to the effect. Accordingly, it led to mistakes. 
Thus Meri>eiine, in 1644, speaks of a siphon which 
shall go over ^ mountain, being ignorant then that the 
effect of such an instrument "ras limited to a height 
of thirty-feur feet. A few years later, however, lie 
had detected this mistake; and in his third volume, 
published in 1647, he siphon in his emeiidanday 

and speaks correctly of the weiglit of air as suj^porting 
the meitjury in the tube of Torricelli. It was, indeed, 
by finding this horrour of a vacuum to have a limit at 
the heiglit of thirty-four feet, that the true princijile 
was suggested. It was discovered that when attempts 
were made to raise water higher than tliis, Nature 
tolerated a vacuum above the water whicli rose. In 
1643, Torricelli tided to produce this vacuum at a 
smaller heiglit, by using, instead of water, the heavier 
fluid, quicksilver; an attempt which shows that the 
true explanation, the balance of the weight of the 
water by another jiressure, had already sugg(‘sted itself. 
Indeed, tliis aiijiears from other evidence. Galileo had 
already taught that the air has weight ; and Baliani, 
writing to him in 1630, says,^ ‘ If we were in a vacuum, 
the weight of the air above our heads would be felt.’ 
Descartes also appears to have some share in this dis- 
covery; for, in a letter of the date of 1631, he explains 
the suspension of mercury in a tube, closed at toj>, 
by the pressure of the column of air reaching to the 
clouds. <r 

Still men’s minds wanted confirmation in this view : 
and they found such confirmation, when, in 1647, 
Pascal showed practically,' that if we alter the length 
of the superincumbent column of air by going to a 
high place, we alter the weight whiefi it will support. 
This celebrated experiment was made by Pascal him- 
self on a church-steeple in Parj^, the column of mer- 
cury in th<? Torricellian tube being used to com]>aT’e 
rtie weights the air; but he wrote to his brother- 
in-law, who lived near the high mountain of Puy do 
Dome in Auvergne, to request him to make the experi- 


2 Drinkwater’s ilalUeo^ p. Po. 



MECHANICAL PRINCIPLES OF FLUII)|!. 53 

ment there, where the result would be more decisive. 
‘You see,’ he says, ‘that if it happens that^the height 
of the mercury at the top of the hill be less 4bhan at 
the bottom, (which Ibave.inany reasdbs to believe, 
though all those who nave thought about it are of a 
different opinion,) it will follow that the weight and 
pressure of the air are the sole cause of this suspension, 
and not the horrour of a vacuum : •since it is very cer- 
tain that there is more air to weigh on it at the bottom 
than at the top; while we cannot say that nature 
abhors a vacuum ftt the foot of a mountain more than 
on its summit.’ — M. Perrier, Pascal’s correspondent, 
made the observation as he had desired, and found a 
difference of three inches of mercury, ‘ which,’ he says, 

‘ ravished us with admiration and astonishment.’ 

When the least obvious case of the operation of the 
ju'essure and weight of fluids had thus been made out, 
there were no further difficulties in the progress of the 
theory of Hydrostatics. When mathematicians began 
to consider more general cases than those of the action 
of gravity, thei’c arose differences in the w ay of stating 
the appropriate ])rinciples : but none of these differences 
imply any dilfercmt conception of the fundamental 
nature of fluid ecpiilibrium. 

Sect. 2 . — Discovery of the Laws of Motion of Fluids, 

The art of conducting water in pipes, and of direct^ 
ing its motion for various purposes, is very*old. When 
treated systematically, it has been termed Hydraulics: 
but Hydrodynamics is the ^general name of the science 
of the laws of the motions of fluids, under those or 
other circumsta»ices. The Art is as old as tlie com- 
mencement of civilization : the lienee does not 
ascend higher than the time of Newtpn, thougli 
attempts on such subjects were made by Galileo and 
his scholars. • 

When a fluid spouts fr<fm an orifice ii\ a vessel, 
Castelli saw tliat the velocity of efflux depends on the 
depth of the orifice below the surface : but he erro- 
neously judged the velocity to be exactly proj^ortional 
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to the<deptli. Torricelli found that the fluid, under 
the inevitable causes of defect which occur in the 
expeririient, \jrduld spout nearly to the height of the 
surface : he therefore inferred, Vhat the full velocity is 
that which a body would acquire in falling through the 
depth ; and that it is consequently proportional to the 
square root of the depth. — ^This, however, he stated 
only as a result of Experience, or law of phenomena, at 
the end of his treatis<?, De Motu N aturaliter Accelerator 
printed in 1643. 

Newton treated the subject theoretically in the 
Principia (1687) ; but we must allow, as Lagrange says, 
that this is the least satisfactory passage of that great 
work. Newton, haying made his experiments in 
another manner than Torricelli, namely, by measuring 
the quantity of the efflux instead of its velocity, found 
a result inconsistent with that of Torricelli. The 
velocity inferred from the quantity discharged, was 
only that due to half the depth of the fluid. 

In the first edition of the Princlpla^^ Newton gave 
a train of reasoning by which he theoretically demon- 
strated his own result, going upon the principle, that 
the momentum of the issuing fluid is equal to the 
momentum which the column vertically over the orifice 
would geneiate by its gravity. But Torricelli’s experi- 
ments, which had given the velocity due to the wdiole 
depth, were confirmed on repetition ; how was this 
iliscrepancy^o be explained? 

Newton explained the discrepancy by observing the 
contraction which the jet, or vein of water, undergoes, 
just after it leaves the orifkjc, and which he called the 
vena cmtracta. At the orifice, the velocity is that due 
to half the height; at the vena contrabta it is that due 
the whole height. The former velocity regulates 
the quantity of the discharge; t]ie latter, the path of 
the jet. 

.Thisnexplanation was an important step in the sub- 
iect: but it made Newton’s original proof appear very 
lefective, to say the least. In the second edition of 
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the Principia (1714), Newton attacked the problem in 
a manner altogether different from his former investi- 
gation. He there assumed, that when a rounc^ vessel, 
containing fluid, has a hole jin its bottom^ the descend- 
ing fluid may be conceited to be a conoid^ mass, which 
has its base at the surface of the fluid, and its nar- 
row end at the orifice. This portion of the fluid he 
calls the cataract; and supposes tjiat while this part 
descends, the surrounding parts remain immovable, as 
if they were frozen; in this wfiy he finds a result 
agreeing witli Toiricelirs experiments on the velocity* 
of the efflux. g) 

We must allow that the assumptions by which this 
result is obtained are somewhat arbitrary; and those 
which Newton introduces in attempting to connect 
the problem of issuing fluids with that of the resistance 
to a body moving in a fluid, are no less so. But even 
u}) to tlio present time, mathematicians have not been 
able to reduce problems concerning the motions of 
fluids to matliernatical 2)rinciples and calculations, 
without introducing some steps of this arbitrary kind. 
And one of the uses of exj)criments on this subject is, 
to suggest those hypotheses which may enable us, in 
the nianner most consonant with the true state of 
things, to reduce the motions of fluids to those general 
laws of mechanics, to which we know»tliey must be 
subject. • 

Hence the science of the Motion of Fluids, unliki^ 
all the other primary departments of Mfschanics, is a 
subject on which we still need exj)eriments, to point 
out the fundamental principles. Many such experi- 
ments have been made, with a view either to compare 
the results of deduction and observation, or, when this 
com])arisou failed, to obtain purely emjnrical rules. 
In this way the resistance of fluids, and the motion ©f 
water in pipes, canats, and rivers, has been treated. 
Italy has possessed, from early times, a l^rge body of 
such writers. The earlier .works of fhis pifid h^e 
been collected in sixteen quarto volumes. Lecchi and 
Michelotti about 1765, Bidone more recently, have 
pursued these inquiries. Bossut, Bliat, Hachette, in 
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France, have laboured at the same task, as have 
Coulomb and Prony, Girard and Poiicelet. Eytelwein’s 
Germai> treatise {HydratdiJi^, contains an account ot* 
what others and himself feave done. Many of these 
trains of experiments, both in France and Italy, were 
made at the expense of governments, and on a very 
magnificent scale. In England less was done in this 
way during the last^ century, than in most other coun- 
tries. The Philosophical Transactions, for instance, 
scarcely contain a single paper on this subject founded 
bn experimental investigations.^ Di. Thomas Young, 
who was i A the head of his countrymen in so many 
branches of science, was one of the first to call back 
attention to this: and Mr. Hennie and others liave 
recently made valuable experiments. In many of the 
questions now spoken of, the accordance which engi- 
neers are able to obtain, between their calculated and 
observed results, is very great : but these calculations 
are performed by means of empirical formula^, which 
do not connect the facts with their causes, and still 
leave a wide space to be travei*sed, in order to complete 
the science. 

In the mean time, all the other portions of Me- 
chanics were reduced to general laws, and analytical 
processes; and means were found of including Hydro- 
dynamics, not’ /ithstanding the difficulties which attend 
its special problems, in this common improvement of 
"Yorm. This progress we must relate. 

[2nd Ed.] ' [The Hydrodynamical problems referred 
to above are, the laws of a fluid issuing from a ves- 
sel, the laws of the motion of water in pipes, canals, 
and rivers, and the laws of the resistance of fluids. To 
these niay be added, as an hydrodynrmical problem 
important in theefry, in experiment, and in the com- 
parison of the two, the laws of waves. Newton gave, 
in the Principia, an explanation of the waves of water 
(Lib. ii. Prop. 44), which appears to proceed upon an 
erfoneofls. vie'vl!^ of the nature of the motion of the 
fluid: but in his folution of the problem of sound, 
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appeared, for the first time, a correct view of the pro- 
pagation of an undulation in a fiuid. Th^ history of 
this subject, as bearing upon the theory of sound, is 
given in Book viii. : b^t I »iay here refhark, that the 
laws of the motion of waves have been pursued experi- 
mentally by various persons, as Bremontier {RecJierches 
8 ur le Mouvement des 0 tides, 1809), Emy {Du Mourn- 
ment des Ondes, 1831), the Webers •(TFeZ/eriMre, 1825); 
and by Mr. Scott Bussell {Reports of the British Asso- 
ciatio'u, 1844). The analytical theory has been carried 
on by Poisson, CaAiehy, and, among ourselves, by ProfT 
Kelland {Edin. Trans.), and Mr. Airy (in the ai-ticle 
Tides, in the Encyclopcedia Afetropolitana). And 
though theory and experiment have not yet been 
brought into complete accordance, great progress has 
been made in that work, and the remaining chasm 
between the two is manifestly due only to the incom- 
pleteness of both.] 

Perhaps the most remarkable case of fluid motion 
recently discussed, is one which Mr. Scott Bussell has 
presented experimentally ; and which, though novel, is 
easily seen to follow from known principles ; namely, 
the Great Solitary Wave. A wave may be produced, 
which shall move along a canal unaccompanied by any 
other wave ; and the simplicity of this ca^e makes the 
mathematical conditions and consequences more simple 
than they are in most other pi'obleins of Hydrody- 
namics. 
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CHAPTER V. 

• f 

Generalization op the Principles of Mechanics. 


Sect i . — Generalization of the Second Law of Motion , — 
Giutral Forces, 

j^jpHE Second Law of Motion bein^ proved for Con- 
J- stant forces which act in parallel lines, and the 
Third Law for the Direct Action of bodies, it still 
required great mathematical talent, and some inductive 
power, to see clearly the laws which govern the motion 
of any number of bodies, acted upon by each other, 
and by any forces, anyhow varying in magnitude and 
direction. This was the task of the generalization of 
the laws of motion. 

Galileo had convinced himself that the velocity of 
projection, and that which gravity alone would pro- 
duce, are ^both maintained, without being altered, 
perturbed, or impeded in their mixture.’ It is to be 
observed, however, that the truth of this result depends 
ujjon a particular circumstance, namely, tliat gravity, 
at all points, ^acts in lines, which, as to sense, are 
j)aralleL Wh^n we have to consider cases in which 
this is not true, as when the force tends to the center 
of a circle, tne law of composition cannot be applied 
in the same way ; and, in this case, mathematicians 
were met by some peculiar difficulties. 

One of these difficulties arises from the apparent 
inconsistency of the statical and dyna«iical measures 
of force. When a body moves in a circle, the force 
which urges the body to the center is only a tendency 
to motion; for the body does notf, in fact, approach to 
the center ; and this mere tendency to motion is com- 
bined with an actual motion, which takes place in the 
circumference. We appear to have to compare two 
things which are heterogeneous. Descartes had noticed 
this difficulty, but without giving any satisfactory 
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solution of it.^ If we combine the actual motion to 
or from the center with the transverse motion about 
the center, we obtain a result which is ^Ise oif mecha- 
nical principles. Galileo Endeavoured in this way to 
find the curve described by a body which falls towards 
the earth’s center, and is, at the same time, carried 
round by the motion of the earth ; and obtained an 
erroneous result. Kepler and Format attempted the 
same problem, and obtained solutions dififerent from 
that of Galileo, but not more correct. 

Even Newton, at an early period of his speculations, 
had an erroneous opinion respecting this curve, which 
he imagined to be a kind of spiral. Hooke animad- 
verted upon this opinion when it was laid before the 
Royal Society of London in 1679, and stated, more 
truly, that, supposing no resistance, it would be ' an 
eccentric ellij)soid,’ that is, a figure resembling an 
ellipse. But though he had made out the aj)proximate 
form of the curve, in some unexplained way, we have 
no reason to believe that he possessed any means of 
determining the mathematical properties of the curve 
described in such a case. The perpetual composition 
of a central force with the previous motion of the body, 
could not be succcssfiilly treated without the considera- 
tion of the Doctrine of Limits, or something equivalent 
to that doctrine. The first example which we have 
of the right solution of such a problem occurs, so 
as I know, in tlie Theorems of H\iyg]iens concern- 
ing Circular Motion, which were published, without 
demonstration, at the end of his Horologium Oscilla- 
tor ium^ in 1673. It was there asserted that when 
equal bodies describe circles, if the times aye equal, 
the centrifugaf forces will be as thg diameters of the 
circles ; if the velocities are equal, the forces will JL)e 
reciprocally as the (^ameters, and so on. * In order to 
arrive at tliese propositions, Huyghens must, virtually 
at least, have applied the Second La^v^f Motioii to 
the limiting elements of tfie curve, according to the 
way in which Newton, a few years later, gave the 
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demonstration of tlie theorems of H.iiygliens in the 
Frincipia. , 

The growing persuasion that the motions of the 
heavenly bodies about the sun n^ight be explained by 
the action of centr«al forces, gave a peculiar interest to 
these mechanical speculations, at the period now under 
review. Indeed, it is not easy to state separately, as 
^our present object requires us to do, the progress of 
Mechanics, and the pipgress of Astronomy. Yet the 
distinction which we have to make is, in its nature, 
sufficiently marked. It is, in fact, *110 less marked 
than the distinction between si)eaking logically and 
speaking truly. The framers of the science of motion 
were employed in establishing those notions, names, 
and rules, in conformity to wliich all mechanical truth 
must be exjU'essed ; hwt what was the truth wdth regard 
to the mechanism of the universe remained to be 
determined by other means. Physical Astronomy, at 
the period of whicli we sj)eak, ecli])scd and overlaid 
theoretical Mechanics, as, a little previously, Dyna- 
mics had ecli])scd and superseded Statics. 

The laws of variable force and of curvilinear motion 
were not much pursued, till the invention of Fluxions 
and of the Differential Calculus again turned men’s 
minds to these subj exits, as easy and interesting exer- 
cises of the powers of these new methods. Newton’s 
^rinapla, of which the first two Books arc purely 
dynamical, is the great exception to this assertion; 
inasmuch as it contains correct solutions of a great 
variety of the most general problems of the science; 
and, indeed, is, even yet, one of the most complete 
treatises which we pos.sess upon the sulyect. 

We have seen that Kepler, in his attempts to explain 
thp curvilinear motions of the planets by means of a 
central force, failed, in consequence of his belief that a 
continued transverse action of the central body was 
requisite, to keen up a continual motion. Galileo had 
founded his theory of projdfctiles on the principle that 
such an action was liot necessary; yet Borelli, a pupil 
of Galileo, when, in 1666, he published his theory of 
the Medicean Stars (the satellites of Jupiter), did not 
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keep quite clear of the same errours which had vitiated 
Kepler’s reasonings. In the same way,ibhough Des- 
cartes is sometimes spoken of as the fiiyt prolhulgator 
of the First Law of ^otiofi, yet his theory of Vortices 
must have been mainly suggested by a want of an 
entire confidence in that law. When he represented 
the planets and satellites as owing their motions to 
oceans of fluid diffused through •the celestial spaces, 
and constantly whirling round jihe central bodies, he 
must have felt afraid of trusting the planets to thji 
t>peration of the taws of motion in free space. Sounder 
physical philosophers, however, began to pSrceive the 
real nature of the question. As early as 1666, we 
read, in the Journals of the Royal Society, that ‘ there 
was read a paper of Mr. Hooke’s, explicating the 
inflexion of a direct motion into a curve by a super- 
vening attractive priucii)le;’ and before the publica- 
tion of the Frtncipia in 1687, Huyghens, as we have 
seen, in Holland, and, in our own country, Wren, 
Halley, and Hooke, had made some progress in the 
true mechanics of circular motion,*-^ and had distinctly 
contemplated tlic problem of the motion of a body in 
an ellipse by a central force, though they could not 
solve it. Halley went to Cambridge in 1684,^ for the 
express puri)ose of consulting Newton upon the subject, 
of the production of the elliptical motion of the planets 
by means of a central force, and, on the'ioth of Decern^... 
ber,^ announced to the Royal Society that he had seen 
Mr. Newton’s book, De Motu Gorparum. The feeling 
that mathematicians were on the brink of discoveries 
such as are contained in this work was so strong, that 
Dr. Halley was re(|uested to remind Mr. N<jwton of 
his prorfiise o^ entering them in tly? Register of the 
Society, ‘ for securing the invention to himself till su^sh 
time as he can be at leisure to publish it.’ * The manu- 
script, with the title Phllosophim Natural^ Primipia 
Mathematical vras presented to the soc^jty- (to .which if 
was dedicated) on the 28tli*of April, 1686. * Dr. Vin- 

2 Newt. Prindp. Scliol. to Prop. iv. . 
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cent, who presented it, spoke of the novelty and dignity 
of the subject; and the president (Sir J. Hoskins) 
added, v/ith great truth, ' that the method was so much 
the more to oe prized asr,it w^s both invented and 
perfected at the same time.’ 

The reader will recollect that we are here speaking 
of the Frincipia as a Mechanical Treatise only ; we 
shall afterwards have to consider it as containing the 
greatest discoveries of Physical Astronomy. As a 
work on Dynamics, its merit is, that it exhibits a 
wonderful store of refined and beautiful mathematical 
artifices, applied to solve all the most general problems 
which the subject offered. The Frmdpia can hardly 
be said to contain any new inductive discovery respect- 
ing the principles of mechanics; for though Newton’s 
Axioms or Laws of Motion^ which stand at the begin- 
ning of the book, are a much clearer and more general 
statement of the gi'ounds of Mechanics than had yet 
appeared, they do not involve any doctrines which had 
not been previously stated or taken for granted by 
other mathematicians. 

The work, however, besides its unrivalled mathema- 
tical skill, employed in tracing out, deductively, the 
consequences of the laws of motion, and its gi’eat cos- 
mical discoveries, which we shall hereafter treat of, 
had great philosophical value in the history of Dyna- 
mics, as exhibiting a clear conception of the new cha- 
racter and functions of that science. In his Preface, 
Newton says, ‘ Eational Mechanics must be the science 
of the Motions which result from any Forces, and of the 
Forces which are required for any Motions, accurately 
propounded and demonstrated. For many things 
induce me to suspect, that all natural phenomena may 
depend upon some Forces by which the particles of 
bodies are either drawn towards each other, and cohere, 
or repel and recede from each other : and these Forces 
being hitherto unknown, philosophers have pursued 
their researches in vain. And 1 hope that the princi- 
ples expounded in this work will afford some light, 
either to this mode of philosophizing, or to some mode 
which is more true.’ 
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Before we pursue this subject further, we must 
trace the remainder of the history of the Third Law. 

Sect 2 . — Generalizatifn of the Third Law of Motion , — 
Center of OscilJMion, — Uuyghens, 

The Third Law of Motion, whether expressed accord- 
ing to Newton’s formula, (by the* equality of Action 
and Reaction,) or in any other of the ways employed 
about the same time, easily gave the solution of 
mechanical problems in all cases of direct action ; that 
is, when each body acted directly on others. But 
there still remained the problems in which the action 
is indirect ; — when bodies, in .motion, act on each 
other by the intervention of levers, or in any other 
way. If a rigid rod, passing through two weights, be 
made to swing about its upper point, so as to form a 
pendulum, each weight will act and react on the other 
by means of the rod, considered as a lever turning 
about the point of suspension. What, in this case, 
will be the effect of this action and reaction] In what 
time will the pendulum oscillate by the force of gravity ] 
Where is the point at which a single weight must be 
placed to oscillate in the same time ] in other words, 
where is the Center of Oscillation ^ ^ * 

Such was the problem, — ^an example only of the 
general problem of indirect action, — wliich mathema . 
ticians had to solve. That it was by pp means easy 
to see in what manner the law of the communication 
of motion was to be extended from simpler cases to 
those where rotatory motion was produced, is shown 
by this; — that Newton, in attempting to scjve the 
mechanical prdblem of the Precession.of the Equinoxes, 
fell into a serious errour on this very subject. He 
assumed that, when ^ part has to communicate rotatory 
movement to the whole, (as the protuberant portion of 
the terrestrial spheroid, attracted <he sun and 
moon, communicates a small movement to the whole 
mass of the earth,) the quantity of tlie motion, ‘ motus,’ 
will not be altered by being communicated. This 
principle is true, if, by motion, we understand what is 
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called moment of inertia^ a quantity in which both the 
velocity oreach particle and its distance from the axis 
of rotation a'e taken into account; but Newton, in 
his calculations of its ainoWt, Considered the velocity 
only; thus making motion^ in this case, identical with 
the momentum which he introduces in treating of the 
simpler case of the third law of motion, when the 
action is direct, 'fliis errour was retained even in the 
later editions of the Frincipia,^ 

' The question of tlie center of oscillation had been 
proposed by Mersenne somewhat earlier,^ in 1646. 
And though the problem was out of the reach of any 
principles at that time known and understood, some 
of the mathematicians of the day had rightly solved 
some cases of it, by proceeding as if the question had 
been to find the Center of Percussion, The Center of 
Percussion is the point about which the momenta of 
all the parts of a body balance each other, when it is 
in motion about any axis, and is stopped by striking 
against an obstacle placed at that center. Hoberval 
found this point in some easy cases; Descartes also 
attempted the jiroblem ; their rival labours led to an 
angry controversy : and Descartes was, as in his phy- 
sical speculations he often was, very presumj)tuous, 
though not iqore than half right. 

Huyghens jwas hardly advanced beyond boyhood 
when Mersenne first proposed this problem; and, as 
he says,7 covld see no principle which even offered an 
opening to the solution, and had thus been repelled at 
the threshold. When, however, he imblished his 
Horologium Oscillatorium in 1673, the fourth part of 
that work was on the Center of Oscillation or Agita- 
tion ; and the principle which he then assumed, though 
not so simple and self-evident as those to which such 
problems were afterwards refer:ced, was perfectly cor- 
rect and general, and led to exact solutions in all 
cases. ' The reader has already seen repeatedly in the 
course of this history, complex and derivative prin- 

5 B. iii. Lemma hi. to Trop. xxxix. 
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ciples presenting themselves to men’s minds before 
simple and elementary ones. The ‘ hypothesis’ assumed 
by Huyghens was this ; ‘ that if any w|ights fire put 
in motion by the fore# of gravity, they can not move 
so that the center of gravity of them all shall rise 
higher than the place from which it descended.’ This 
being assumed, it is easy to show that the center of 
gravity will, under all circumstance, rise as high as its 
original position; and this consideration leads to a 
determination of the oscillation of a compound pen-* 
dulum. We may observe, in the princij)le thus 
selected, a conviction that, in all mechanical action, 
the center of gravity may be taken as the representa- 
tive of the whole system. This ponviction, as we have 
seen, may be traced in the axioms of Archimedes and 
Stevinus; and Huyghens, when he proceeds upon it, 
undertakes to show,^ that he assumes only this, that a 
heavy body cannot, of itself, move upwards. 

Clear as Hiiyghens’s principle appeared to himself, 
it was, after some time, attacked by the Abb6 Catelan, 
a zealous Cartesian. Catelan also put forth principles 
which he conceived were evident, and deduced from 
them conclusions contradictory to those of Huyghens. 
His principles, now that we know tliem to be false, 
appear to us veiy gratuitous. They are these ; ‘ that 
in a compound pendulum, the sum of tlie velocities of 
the component weights is equal to th*e sum of the 
velocities which they would have acquire^ if they had 
been detached pendulums;’ and ‘that the time of the 
vibration of a compound pendulum is an arithmetic 
mean between the times of the vibrations of the 
weights, moving as detached pendulums.’ Huyghens 
easily showed tHat these suppositions^would make the 
center of gravity ascend to a greater height than tha^ 
from which it fell ; and after some time, Tames Ber- 
noulli stept into the arena, and ranged himself on the 
side of Huyghens. As the discussion t^iA proceeded, 
it began to be seen that thb question really was, in 
what manner the Third Law of Motion was to be 
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extended to cases of indirect action ; whether by dis- 
tributing the action and re-action according to statical 
principles, or jii some other way. ‘ I propose it to the 
consideration of mathem^Pticiams,’ says Bernoulli in 
1686, ‘what law of tlie communication of velocity is 
observed by bodies in motion, which are sustained at 
one extremity by a fixed fulcrum, and at the other by 
a body also moving, but more slowly. Is the excess 
of velocity which must be communicated from the one 
•body to the other to be distributed in the same pro- 
portion in which a load supported on the lever would 
be distributed]’ He adds, that if this question be 
answered in the affirmative, Huyghens will be found 
to be in errour; but this is a mistake. The principle, 
that the action and re-action of bodies thus moving are 
to be distributed according to the rules of the lever, is 
true ; but Bernoulli mistook, in estimating this action 
and re-action by the velocity acquired at any moment ; 
instead of taking, as he should have done, the increnmit 
of velocity which gravity tended to impress in tlie next 
instant. This was shown by the Marquis de THopitaJ ; 
who adds, w’ith justice, ‘ I conceive that I have thus 
fully answered the call of Bernoulli, when he says, I 
propose it to the consideration of mathematicians, <!i:c.’ 

We may, Yrom this time, consider as known, but not 
as fully established, the principle that ‘ When bodies 
►in motion affect each otlier, the action and re-action 
are distributed according to the laws of Statics;’ 
although there were still found occasional difficulties 
in the generalization and application of the rule. 
James Bernoulli, in 1703, gave ‘ a General Demonstra- 
tion of the Center of Oscillation, drawn from the 
nature of the Lej^er.’ In this demonstf-ation^ he takes 
m a fundamental piinciple, that bodies in motion, con- 
nected by levers, balance, when Jihe products of their 
momenta and the lengths of the levers are equal in 
opposite dirSctions. For the proof of this proposition, 
he refers to Marriotte, wlio had asserted it of weights 
acting by percussion^® and in order to prove it, had 
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balanced the effect of a weight on a lever bv the effect 
of a jet of water, and had confirmed it by nth^ expe- 
riments.^^ Moreover, says Bernoulli, tkere is no one 
who denies it. Still, •this *kind of proof was hardly 
satisfactory or elementary enough. John Bernoulli 
took up the subject after the death of his brother 
James, which happened in 1705.^ The former pub- 
lished in 1714 his Meditatio dfi Naturd Centri Oscilla- 
tkmis. In this memoir, he assumes, as his brother had 
done, that the effects of forces on a lever in motion are* 
distributed according to the common rult^ of the 
lever.^2 The principal generalization which he intro- 
duced was, that he consid(U'ed gravity as a force solicit- 
ing to motion, which might have different intensities 
in dilFerent bodies. At the same time, Brook Taylor 
in England solved the problem, upon the same princi- 
ples as Bernoulli ; and the question of priority on this 
subject was one point in the angry intercourse which, 
about this time, became common between the English 
mathematicians and those of the Continent. Hermann 
also, in his Phoro'nomla, published in 1716, gave a 
])roof which, as he informs us, he had devised before 
he saw John Bernoidli’s. This ju’oof is founded on 
the statical equivalence of the ^ soUdifations of gravity' 
and the ^vicarious solicitations' which correspond to 
the actual motion of each j>art; or, a# it has been 
expressed by more modern writers, the equilibrium of 
the impressed and effective forces. • 

It was shown by John Bernoulli and Hermann, and 
was indeed easily ]»roved, that the ])roj)Osition assumed 
by Huyghens as the foundation of his solution, was, in 
fact, a consequence of the elementary principles*which 
belong to this branch of mechanics. Bu* this assumption 
of Huyghens was an example of a more general propo- 
sition, which by some,mathematicians at this time had 
been put forward as an original and elenientary law ; 
and as a principle which ougl^t to su perdue th& usiiftl 
measure of the forces of bodies in motion; this princi- 
ple they called ‘ths Conservation of Tis Viva' The 
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attempt to make this change was the commencement 
of one pf the most obstinate and curious of the contro- 
versies which^. form part of the history of mechanical 
science. The celebrated Lbibnilz was the author of the 
new opinion. In 1686, he published, in the Leipsic 
Acts, ‘ A shoi*t Demonstration of a memorable Errour 
of Descartes and others, concerning the natuml law by 
which they think tliat God always preserves the same 
quantity of motion ; 'in which they pervert mechanics.’ 
^The principle that the same quantity of motion, and 
therefore, of moving force, is always preserved in the 
world, follows from the equality of action and re-ac- 
tion ; though Descartes had, after his fashion, given a 
theological reason for it; Leibnitz allowed that the 
quantity of moving force remains always the sanui, 
but denied that this force is measured by the quantity 
of motion or momentum. He maintained that the 
same force is requisite to raise a weight of one pound 
through four feet, and a weight of four pounds through 
one foot, though the momenta in this case are as one 
to two. This was answered by the Abb6 de Conti ; 
who truly observed, that allowing the effects in the two 
cases to be equal, this did not prove the forces to be 
equal ; since the effect, in the first case, was producotl 
in a double tiane, and therefore it was quite consistent 
to suppose the force only half as great, Leibnitz, 
however, persisted in his innovation; and in 1695 laid 
down the distinction between vires Tmrtuce, or pres- 
sures, and vires vivee, the name he gave to his own 
measure of force. He kept up a correspondence with 
John Bernoulli, whom he converted to his peculiar 
Opinions on this subject; or rather, as Bernoulli says,^'^ 
made him think for liimself, which ended in his proving 
Mirectly that which Leibnitz had defended by indirect 
reasons. Among other ai*gum^.nts, he had pretended 
to show (what is certainly not true), that if the com- 
ihon hieasure of forces^ be adhered to, a perpetual 
motion would be^ possible. It is easy to collect many 
cases which admit of being very simply and conve- 
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niently reasoned upon by means of the via viva, that 
is, by taking the force to be proportional to*the square 
of the velocity, and not to the velocity itself. Thus, 
in order* to give the ai’fow f^oice the velocity, the bow 
must be four times as strong ; and in all cases in which 
no account is taken of the time of producing the effect, 
we may conveniently use similar methods. 

But it was not till a later period that the question 
excited any general notice. The Academy of Sciences 
of Baris in 1724 jyojmsed as a subject for their prize* 
dissertation the laws of the impact of bodigs. Ber- 
noulli, as a competitor, wrote a treatise, upon Leib- 
nitzian principles, which, thougli not honoured with 
the prize, was printed by the Academy with commen- 
dation.^^ The opinions which he here defended and 
illustrated were adopted by several mathematicians; 
the controversy extended from the mathematical to 
the literary world, at that time more attentive than 
usual to mathematical disputes, in consequence of the 
great struggle then going on between the Cartesian and 
the Newtonian system. It was, however, obvious, that 
by this time the interest of the question, so far as the 
progress of Dynamics was concerned, was at an end; for 
the combatants all agreed as to the results in each parti- 
cular case. The Laws of Motion were no^*established ; 
and the question was, by means of what (Jefinitions and 
abstractions could they be best exj)ressed ; — a metaphy- 
sical, not a physical discussion, and thermo re one in 
which ‘ the pa2)er philosophers,’ as Galileo called them, 
could bear a part. In the first volume of the Tram-^ 
actions of the Academy of St. Petersburgh, published in 
1728, there are three Leibnitzian memoirs by Her- 
mann, Bullfinger, and Wolff. In England, Clarke was 
an angry assailant of the German opinion, whiclf 
B’Gravesande maintained. In France, Mairan attacked 
the vis viva in 1 7 28 ; ‘ with strong and victorious rea- 
sons,’ as the Marquise du Chatelet declar#^ in the first 
edition of her Treatise on Pire.^’^ ^But shortly after 
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this praise was published, the Chateau de Cirey, where 
the MarquLise usually lived, became a school of Leib- 
nitzian opinions, and the resort of tlie principal parti- 
sans of the vis viva. ‘ SoGn,’ observes Mairau, ‘ their 
language was changed ; the vis viva was enthroned by 
the side of the monads.^ The Marquise tried to retract 
or explain away her praises; she urged arguments on 
the other side. Still the question was not decided; 
even her friend Volhiire was not converted. In 1741 
he read a memoir O71 the Measure and Nature oj 
Moving Forces, in which he maintained the old opinion. 
Finally, D’Alembert in 1743 declared it to be, as it 
truly was, a mere question of words ; and by the turn 
which Dynamics then took, it ceased to be of any pos- 
sible interest or importance to mathematicians. 

The representation of the laws of motion and of the 
reasonings depending on them, in the most general 
form, by means of analytical language, cannot be said 
to have been fully achieved till the time of D’Alem- 
bert ; but as we have already seen, the discovery of 
these laws had taken place somewhat earlier; and that 
law which is more particulaily expressed in D’Alem- 
bert’s Principle {the equality of the action gained and 
lost) was, it has been seen, rather led to by the general 
current of the reasoning of mathematicians about the 
end of the seventeenth century than discovered by 
any one. Huyghens, Marriotte, the two Bernoullis, 
L’Hopital, Jaylor, and Hermann, have each of them 
their name in the history of this advance; but we can- 
not ascribe to any of them any great real inductive 
sagacity shown in what they thus contributed, except 
to Huyghens, who first seized the princi])le in such a 
form as to find the Center of Oscillation by means of 
it. Indeed, in the steps taken by the others, language 
itself had almost made the generalization for them at 
the time when they wrote; and it required no small 
degree* of acuteness and care to distinguish the old 
cases, in which the law had already been api^lied, from 
the new cases, in which they had to apply it. 



7 ^ 


CH^AlPTVER VI. 

Sequel to the Generalization of the Principles 
OF Mechanics. — Period op Mathematical De- 
duction. — Analytical Mechanics. 

0 

W E have now finisliecl the history of the discovery 
of Mechanical Principles, strictly so called. The 
three Laws of Motion, generalized in the nAnner we 
have described, contain the materials of the whole 
structure of Mechanics ; and in tlie remaining progress 
of the science, we are led to no new truth which wa.s 
not implicitly involved in those ])reviously known. 
It may be thought, therefore, that the mirrative of this 
progress is of comparatively small interest. Nor do 
we maintain that tlie apjdication and developement of 
principles is a matter of so much importance to the 
philosophy of science, as the advance towards and to 
them. Still, ,there are many circumstances in the 
latter stages of the progress of the science of Mechanics, 
which well deserve notice ; and make a rapid survey 
of that part of its history indispensable to •our purpose. 

The Laws of Motion are expressed in forms of Space 
and Number; the developement of the consequences of 
these laws must, therefore, be performed by means of 
the reasonings of mathematics; and the science of 
Mechanics may assume the various aspects which 
belong to the different modes of dealing with mathe- 
matical quantities. Mechanics, like pure mathejnatics, 
may be geomeUlrical or may be anal;j^tical ; that is, it 
may treat space either by a direct consideration of 
properties, or by a symbolical representation of them : 
Mechanics, like pure mathematics, may proceed from 
special cases, to problems and methods of^entrerii^ geqp- 
rality; — may summon to its ftid the curious and refined 
relations of symmetry, by which gefteral and complex 
conditions are simplified; — may become more powerful 
by the discovery of more powerful analytical artifices; — 
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may even have the generality of its principles further 
expanded, "inasmucli as symbols are a more general 
language thay\ words. We shall very briefly notice 
a series of modifications of»thisddnd. 

1. Geometrical Mechanics. Newton, d:c. — The first 
great systematical Treatise on Mechanics, in the most 
general sense, is the two first Books of the Principia 
of Newton. In this work, the method employed is 
predominantly geon^etrical : not only space is not 
represented symbolically, or by reference to number ; 
but numbers, as, for instance, those which measure 
time and force, are represented by spaces; and the 
laws of their changes are indicated by the properties 
of curve lines. It is well known that Newton em- 
ployed, by preference, methods of this kind in the 
exposition of his theorems, even where he had made 
the discovery of them by analytical calculations. The 
intuitions of space appeared to him, as they have 
appeared to many of his followers, to be a more clear 
and satisfactory road to knowledge, tliaii the operations 
of symbolical language. Hermann, whose Plwronomla 
was the next great work on this subject, pursued a 
like course ; employing curves, which he calls ‘ the 
scale of velocities,’ ‘ of forces,’ <kc. Methods nearly 
similar wer'd employed by the two first Beriioullis, 
and other mathematicians of that period; and were, 
indeed, so long familiar, that the influence of them 
may still be traced in some of the terms which are 
used on such subjects ; as, for instance, when we talk 
of * reducing a problem to quadratures,’ that is, to the 
finding the area of the curves employed in these 
methods. 

2. Analytical Mechanics. Plvler. — analysis was 
more cultivated, it gained a predominancy over geo- 
metry; being found to be a far more powerful instru- 
ment for obtaining results; and possessing a beauty 
and an evi’dence, which, though difierent from those 
of geometry, had great attractions for minds to which 
they became familiar. The person who did most to 
give to analysis the generality and symmetiy which 
are now its pride, was also the person who mad^ 
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Mechanics analytical; I mean Euler. He began his 
execution of this task in various memyirs which 
appeared in the Transactions of the Academy of Sciences 
at St, Petershurgh^ coyraeiying with ift earliest vo- 
lumes; and in 1736, he published there his Mechanics, 
or the Science of Motion analytically expounded; in the 
way of a Supplement to the Transactions of the Imperial 
Academy of Sciences. In the preface to this work, he 
says, that though the solutions of j)roblems by ewton 
and Hermann were quite siitisfactory, yet he found 
that he had a difficulty in applying them to new ])ro- 
blcms, differing little from theirs ; and tliat, therefore, 
he thought it would be useful to extract an analysis 
out of their synthesis. 

3. Mechanical Problems. — In reality, however, Euler 
has done much more than merely give analytical 
methods, which may be applied to mechanical problems : 
he has himself ai)plied such methods to an immense 
number of cases. His transcendent mathematical 
powers, his long and studious life, and the interest 
with which he pursued the subject, led him to solve an 
almost inconceivable number and variety of mechanical 
problems. Such problems suggested themselves to 
liim on all occasions. One of his memoirs begins, by 
stating that, happening to think of the Uqc of V irgil, 

Anchora de prord jacitur stant Htore pappes ; 

The anchor drops, the rushing keel is staid ; 

he could not help inquiring what would Ife the nature 
of the ship’s motion under the circumstances here 
described. And in the last few days of his life, after 
his mortal illness had begun, having seen in the news- 
papers some si^tements respecting balloons, lie pro- 
ceeded to calculate their motions; ^nd performed a 
difficult integration, in which this undertaking engagAl 
him. His Memoirs ^Dccupy a very large portion of the 
Petropolitan Transactions during his li|^, from 1728 
to 1783; and he declared that he should leave papers 
which might enrich the publicatioiis of the Academy 
of Petersburg for twenty years after his death ; — a 
promise which has been more than fillfiUed ; for, up to 
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i8i8, the volumes usually contain several Memoirs ol 
his. He his contemporaries may be said to have 
exhausted the subject; for there are few mechanical 
problems whith have bee^j singe treated, which they 
have not in some manner touched upon. 

I do not dwell upon the details of such problems ; 
for the next great step in Analytical Mechanics, the 
publication of D’Alembert’s Principle in 1743, in a 
great degree superseded their interest. The Transac- 
tions of the Academies of Paris and Berlin, as well as 
'St. Petersburg, are filled, up to this •oime, with various 
questiouar of this kind. They require, for the most 
part, the determination of the motions of several bodies, 
with or without weight, which pull or push each 
other by means of threads, or levers, to which they are 
fastened, or along which they can slide ; and which, 
having a certain impulse given them at first, are then 
left to themselves, or are compelled to move in given 
lines and surfaces. The postulate of Huyghens, respect- 
ing the motion of the center of gravity, was generally 
one of the })rinciples of the solution ; but other prin- 
ciples were always needed in addition to this ; and it 
required the exercise of ingenuity and skill to detect 
the most suitable in each case. Such problems were, 
for some tin^p, a sort of trial of strength among mathe- 
maticians : th^ principle of D’Alembert put an end to 
this kind of 'challenges, by supplying a direct and 
general method of resolving, or at least of throwing 
into equatiolis, any imaginable problem. The meclia- 
nical difficulties were in this way reduced to difficulties 
of pure mathematics. 

4. U Aleiahert ' 8 Principle, — D’Alembert’s Principle 
is only*ohe expression, in the most general foi*m, of the 
principle upon ><hich John Bernoulli, Hermann, and 
dlhers, had solved the problem of the center of oscilla- 
tion. It was thus stated, ‘ The Inotion impressed on 
each particle of any system by the forces which act 
ujion it* may b'e resolved kito two, the effective motion, 
and the motion gained or lost: the effective motions 
will be the real motions of the parts, and the motions 
gained and lost \^ill be such as would keep the system 
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at rest.’ The distinction of statics, the doctrine of 
equilibrium, and dynamics, the doctrine ipf motion, 
was, as we have seen, fundamental; and^the difference 
of difficulty and comj:JexitK in the two subjects was 
well understood, and generally recognized by mathe- 
maticians. D’Alembert’s principle reduces every dyna- 
mical question to a statical one; and hence, by means 
of the conditions which connect Hie possible motions 
of the system, we can determine what the actual 
motions must be. The difficulty of determining the 
laws of cquilibrihni, in the application of this prin- 
ciple in comj)lex crises, is, however, often as great as if 
wc apply more simjde and direct considerations. 

5. Motion in Resisting Media, Ballistics . — We 
shall notice more particularly the histoiy of some of 
the problems of mechanics. Though John Bernoulli 
always spoke with admiration of Newton’s Principia, 
and of its author, he appears to have been well dis- 
posed to point out real or imagined blemishes in the 
work. Against the validity of N ewton’s determination 
of the path described by a body projected in any part 
of the solar system, Bernoulli urges a cavil which it is 
difficult to conceive that a mathematician, such as he 
was, could seriously believe to be well founded. On 
Newton’s determination of the path of a body in a re- 
sisting medium, his criticism is more just. He pointed 
out a material errour in this solution ; 'this correction 
came to Newton’s knowledge in London, in October 
1712, when the impression of the second Edition of the 
Principia was just drawing to a close, under the care 
of Cotes at Cambridge; and Newton immediately can- 
celled the leaf and corrected the errour.^ 

This problem of the motion of the body in a resist- 
ing medium, led to another collis*ion between t^e 
English and the German mathematicians. The pro- 
position to which we' have referred, gave only an indi- 
rect view of the nature of the curve ^d#scribed by a 
projectile in the air; and itris probable that Newton, 
when he wrote the Principia, did %iot see his way to 
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any direct and complete solution of this problem. At 
a later period, in 1718, when the quarrel had waxed 
hot between Ahe admirers of Newton and Leibnitz, 
Keill, who haa come forwi^rd a champion on the 
English side, proposed this problem to the foreigners 
as a challenge. Keill probably imagined that what 
Newton had not discovered, no one of his time would 
be able to discover. But the sedulous cultivation of 
analysis by the Germans had given them mathematical 
powers beyond the expectation of the English ; who, 
w^hatever might be their talents, *1iad made little 
advance in the effective use of genq^al methods ; and 
for a long period seemed to be fascinated to the spot, 
in their admiration of, Newton’s excellence. Bernoulli 
speedily solved the problem; and reasonably enough, 
according to the law of honour of such challenges, 
called upon the challenger to produce his solution. 
Keill was unable to do this; and after some attemi)ts 
at procrastination, was driven to very paltry evasions. 
Bernoulli then published his solution, with very just 
expressions of scorn towards his antagonist. And this 
may, perhaps, be considered as the first material addi- 
tion which was made to the Frincipia by subsequent 
writers. 

6. Constellation of Mathematicians . — e pass with 
admiration aldng the great series of mathematicians, 
by whom the science of theoretical mechanics has been 
cultivated, from the time of Newton to our own. 
There is no^ group of men of science whose fame is 
higher or brighter. The great discoveries of Coper- 
nicus, Galileo, New’ton, had fixed all eyes on those 
portion^ of human knowledge on which their successors 
employed their labours. The certainty belonging to 
t^j^is line of speculation seemed to elevate mathema- 
ticians above the students of other subjects; and the 
beauty of mathematical relations,* and the subtlety of 
in^llect whitl^ may be shown in dealing with them, 
were fitted to win unbounded applause. The succes- 
sors of Newton and the Benioullis, as Euler, Clairaut, 
D’Alembert, Lagrange, Laplace, not to introduce living 
names, have been some of the most remarkable men of 
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talent which the world has seen. That their talent is, 
for the most part, of a different kind frown that by 
which the laws of nature were discoverejji, I sh 3 ;ll have 
occasion to explain elsewhere; for the present, I must 
endeavour to arrange the principal achievements of 
those whom I have mentioned. 

The series of persons is connected by social relations. 
Euler was the pupil of the first ^generation of Ber- 
noullis, and the intimate friend of the second genera- 
tion; and all these extraordinary men, as well as Her* 
mann, were of the city of Basil, in that age a spot 
fertile of great matliematicians to an unparalleled 
degree. .In 1740, Clairaut and Maupertuis visited 
John Bernoulli, at that time th^ Nestor of mathema- 
ticians, who died, full of age and honours, in 1748. 
Euler, several of the Bcrnoullis, Maupertuis, Lagrange, 
among other mathematicians of smaller note, were 
called into the north by Catharine of Bussia and 
Frederic of Prussia, to inspire and instruct academies 
which the brilliant fame then attached to science, had 
induced those monarchs to establish. The prizes pro- 
posed by these societies, and by the French Academy 
of Sciences, gave occasion to many of the most valuable 
mathematical works of the century. 

7. The Problem of Three Bodies . — In 1747, Clairaut 
and D’Alembert sent, on the same day,*to this body, 
their solutions of the celebrated ‘Problem of Three 
Bodies,’ which, from that time, became the^ great object 
of attention of mathematicians; — the bow in which 
each tried his strength, and endeavoured to shoot fur- 
ther than his predecessor. 

This problem was, in fact, the astronomical question 
of the effect pif)duced by the attraction of the sun, in 
disturbing the motions of the moon about the eartl^; 
or by the attraction of one planet, disturbing the 
motion of another planet about the sun; but being 
expressed generally, as referring to oi)^*body« whiph 
disturbs any two others, it became a mechanical 
problem, and the history of it belongs to the present 
subject. * 

One consequence of the synthetical form adopted by 
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Newton in the Principiay was, that his successors had 
the problem of tlie solar system to begin entirely anew. 
Those Vlio wfjuld not do this, made no progress, as was 
long the case with the English.' Clairaut says, that he 
tried for a long time to make some use of Newton’s 
labours; but that, at last, he resolved to take up the 
subject in an independent manner. This, accordingly, 
he did, using analysis throughout, and following 
methods not much different from those still employed. 
^We do Hot now speak of the comparison of this theory 
with observation, except to remark, that both by the 
agreements and by the discrepancies of this comparison, 
Clairaut and other writers were perpetually driven on 
to carry forwards the calculation to a greater and 
greater degree of accuracy. 

One of the most important of the cases in which 
this happened, was tliat of the movement of the A pogee 
of the Moon ; and in this case, a mode of approximating 
to the truth, which had been depended on as nearly 
exact, was, after having caused great pei*plexity, found 
by Clairaut and Euler to give only half the truth. 
This same Problem of Three Bodies was the occasion of 
a memoir of Clairaut, which gained the prize of the 
Academy of St. Petersburg in 1751; and, finally, of 
his Theorie de la Lmie, published in 1765. D’Alem- 
bert laboured at the same time on the same problem; 
and the value of tlieir methods, and the merit of the 
inventors, unhappily became a subject of controversy 
between those two great mathematicians. Euler also, 
in 1753, published a Theory of the Moon, which was, 
perhaps, more useful than either of the othei*s, since it 
was afterwards the basis of Mayer’s method, and of his 
Tables. It is difficult to give the geiteral reader any 
(Jistinct notion of tliese solutions. We may observe, 
that the quantities which determine the moon’s position, 
are to be determined by means of certain algebraical 
equations, which express the mechanical conditions of 
the motion. The operation, by which the result is to 
be obtained, involves the process of integration ; which, 
in this instance, cannot be performed in an immediate 
and definite manner ; since the quantities thus to be 
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operated on depend upon the moon’s position, and thus 
require us to know the very thing which we have to 
determine by the operation. The resulj must*be got 
at, therefore, by succeisive «,pproximatioDS : we must 
first find a quantity near the truth ; and then, by the 
help of this, one nearer still ; and so on ; and, in thisr 
manner, the moon’s place will be given by a converg- 
ing series of terms. The form of these terms depends 
upon the relations of position between the sun and 
moon, their apogees, the moon’s nodes, and other qnan-, 
titles ; and by the variety of combinations of which 
these admit, the terms become very nuinefous and 
complex. The magnitude of tlie terms depends also 
upon various circumstances; as the relati^^e force of 
the sun and earth, the relative times of the solar and 
lunar revolutions, the eccentricities and inclinations of 
the two orbits. These are combined so as to give 
terms of different orders of magnitudes ; and it depends 
upon the skill and pe?\severance of the mfithematician 
how far he will continue this series of tenns. For 
there is no limit to their number; and though the 
methods of which w’e have spoken do theoretically 
enable us to calculate as many terms as we please, the 
labour and the complexity of the operations are so 
serious that common calculators are stopped by them. 
None but very great mathematicians have been able 
to walk safely any considerable distance into this 
avenue, — so rapidly does it darken as we proceed. And 
even the possibility of doing what has been done, de- 
pends upon what we may call accidental circumstances; 
the smallness of the inclinations and eccentricities of 
the system, and the like. * If nature had not favoured 
us in this way,’* Lagrange used to s^, Hhere would 
have been an end of the geometers in this problem. ’t 
The expected return of the comet of 1682 in 1759, 
gave a new interest to the problem, and Clairaiit j^ro- 
ceeded to calculate the case which was tlyii> suggested. 
When this was treated by the* methods which had suc- 
ceeded for the moon, it offered no pA)spect of success, 
in consequence of the absence of the^ favourable cir- 
cumstances just referred to, and, accordingly, Clairaut, 
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after obtaining the six equations to which he reduces 
the solution, ^ adds, ‘ Integrate them who can (Integre 
maint^nant qni pourra). New methods of approxima- 
tion were devised for this case, q 

The problem of three bodies was not prosecuted in 
inconsequence of its analytical beauty, or its intrinsic 
attraction ; but its great difficulties were thus resolutely 
combated from n^essity; because in no other way 
could the theoy^ qf .universal gravitation be known to 
^be true or made to be useful. The construction of 
Tables of the Moon, an object whfch offered a large 
pecuniaiy reward, as well as mathematical glory, to 
the successful adventurer, was the main purpose of 
these labours. 

The Theory of the Planets presented the Problem of 
Three Bodies in a new form, and involved in peculiar 
difficulties ; for the approximations which succeed in 
the Lunar Theory fail here. Artifices somewhat 
modified are required to overcome the difficulties of 
this case. 

Euler had investigated, in particular, the motions of 
Jupiter and Saturn, in which there was a secular 
acceleration and retardation, known by observation, 
but not easily explicable by theory. Euler’s memoirs, 
which gained the prize oP the French Academy, in 
1748 and 1752, contained much beautiful analysis; 
and Lagrange published also a theory of J upiter and 
Saturn, in which he obtained results different from 
those of iiuler. Laplace, in 1787, showed that this 
inequality arose from the circumstance that two of 
Saturn’s years are very nearly equal to five of Jupiter’s. 

Thg problems relating to Jupiter’s Satellites, were 
found to be even more complex than those which refer 
tto the planets : for it was necessary to consider each 
satellite as disturbed by the other three at once ; and 
thus there occurred the Problem of Five Bodies. This 
problem WLS^ resolved by Lagrange.® 

Again, the newly-discovered small Planets, Juno, 
Ceres, Vesta, Pallas, whose orbits almost coincide with 
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each other, and are more inclined and more eccentric 
than those of the ancient planets, give ri^, hj their 
perturbations, to new forms of the foroblem, and 
require new artifices. 

In the course of these researches respecting Jupiter, 
Lagrange and Laplace were led to consider particularly 
the secular Inequalities of the solar system ; that is, 
those inequalities in which the duration of the cycle 
of change embraces very many ■^evjjutions of the 
bodies'" themselves. Euler in 1749, and 1755, and* 
Lagrange,^ in 176S, had introduced the method of the 
Variation of tJie Elements of the orbit ; whicR consists 
in tracing the efi'ect of the perturbing forces, not as 
directly altering the place of th^ jdanet, but as pro- 
ducing a change from one insLint to another, in the 
dimensions and position of the Elliptical orbit which 
the pin net describes.''’ Taking this view, he determines 
the secular changes of each of the eleine^itSf or deter- 
mining quantities of the orbit. In 1773, Laplace also 
attacked this subject of secular changes, and obtained 
expressions for them. On this occasion, he proved the 

4 Gautier, Prob. de Troia Corps, stantes arbitraires/ And in page 
p. 155. 310 is an abstract of the paper of 

* In the first edition of this His- i756 : and speaking of the metliod, 
tory, I had ascribed to Lagrange Laplace says, ‘It consists in regard- 
the invention of the Method of ing the elements of thtf elliptical 
Variation of Klements in the the- motion as variable in virtue of the 
ory of Perturbations. But justice perturbing forces. Those elements 
to Euler requires that we should are. i,the axis major; 2, the epoch 
assign this distinction to him ; at of the body being at the apse ; 3, 
least, next to Newton, whose mode the excentricity ; 4, the movement 
of representing the paths of bodies of the apse ; 5, the inclin;Aion ; 6 , 
by means of a Jtevol^ng Orbit, in the longitudi^of the node:’ and he 
the Ninth Section of the Principia, then proceeds to show how Eulei* 
may be considered as an anticipa- did this. It is pdssible that La- 
tion of the method of variatfbn of grange knew nothing of Euler’s 
elements. In the fifth volume of paper. See 3/rc. 4 !M. vqj. v. i^. 
the Aficardqtie Celeste, livre xv. p. 3146. But Euler’s conception and 
3c5, is an abstractof Euler’s paper treatment the method are com- 
of 1 749 ; where Laplace adds, plete, so that he must be looked 
‘ C’est le premier essai de la md- upon as the author of it. 
thode de la variation des con- 
. VOL. II. 
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celebrated proposition that, ‘ the mean motions ^of the 
planet^ ar^'invariable that is, that there is, in the 
revolutions oft the system, no progressive change which 
is not finally stopped and feverted ; no increase, which 
is not, after some period, changed into decrease; no 
retardation which is not at last succeeded by accelera- 
tion; although, in ^some cases, millions of years may 
elapse before the system reaches the turning point. 
Thomas Simps^ n^iced the same consequence of the 
laws of universal attraction. In^ 1774 and 1776, 
Lagrange® still laboured at the secular equations; 
extending his researches to the nodes and inclinations ; 
and showed that the invariability of the mean motions 
of the planets, which Laplace had proved, neglecting 
the fourth powers of the eccentricities and inclinations 
of the orbits,*^ was true, however far the approximation 
was carried, so long as the squares of the disturbing 
masses were neglected. He afterwards improved his 
methods;® and, in 1783, he endeavoured to extend the 
calculation of the changes of the elements to the 
periodical equations, as well as the secular. 

8. Mecanique Celeste, doc , — Laplace also resumed tlie 
consideration of the secular changes; and, finally, nii- 
deitook his vast work, the Mecamque Celeste, which he 
intended to^gontain a complete view of the existing 
state of this spfendid department of science. We may 
see, in the exultation which the author obviously feels 
at the thouglit of erecting this monument of his age, 
the enthusiasm which had been excited by the splendid 
course of mathematical successes 01 which I have given 
a sketch. The two first volumes of this great work 
appeared in 1799. The third and fourth volumes were 
published in i8«)2 and 1805 respectJVely. Since its 
publication, little has been added to the solution of the 
great problems of which it treats. In 1 808, Laplace 
presented to the French Bureau des Longitudes, a 
Stipple'Vnent to the Mecanique GUeste; the object of 
ivhich was to improve still further the mode of obtain- 
ing the secular variations of the elements. Poisson 
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and Lagrange proved the invariability of^the major 
axes of the orbits, as far as the second order of the 
perturbing forces. Various other authcft-s have since 
laboured at this subjeSt. fiurckhardt, in 1808, ex- 
tended the pei’turbing function as far as the sixth order 
of the eccentricities. Crauss, Hansen, and Bessel, Ivory, 
MM. Lubbock, Plana, Pontecoulan/., and Airy, have, 
at dilfereiit periods up to the presjpt time, either ex- 
tended or illustrated some particular part of the theory, 
or applied it to sp^ial cases; as in the instance of Pro- 
fessor Airy’s calculation of an inequality of Yonus and 
the earth, of which the period is 240 years. The 
approximation of the Moon’s motions has been pushed 
to an almost incredible extent by*M. Danioiseau, and, 
finally, Plana has once more attempted to present, in a 
single work (three tliick quarto volumes), all that has 
hitlierto been executed with regard to the theory of 
the Moon. 

I give only the leading points of the progress of 
analytical dynamics. Hence I have not* spoken in 
detail of the theory of the Satellites of Jupiter, a sub- 
ject on which Lagrange gained a prize for a Alemoir, 
in 1766, and in which Laplace discovered some most 
curious properties in 1784. Still less havQ I referred 
to the purely speculative question of T^utochronous 
Curves in a resisting medium, though it was a subject 
of the labours of Bernoulli, Euler, Fontaine, D’Alem- 
bert, Lagrange, and Laplace. The reader ^ill rightly 
su])posc that many other curious investigations are 
pas.sed over in utter silence. 

[2nd Ed.] [Although the analytical calculations 
of the great mathematicians of the last century had 
determined, in a demonstrative manner, a vast series, 
of inequalities to which the motions of the sun, moon, 
and planets, were sul^ect in virtue of their mutual 
attraction, there were still unsatisfactoiyi poii^ts in 
the solutions thus given of* the gi'eat* mechanicnl 
problem.s suggested by the System of the Universe. 
One of these points was the want of any evident 
mechanical significance in the successive members of 
these series. Lindenau relates that Lagrange, near the 
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end of hisjife, expressed his sorrow that the metliods 
of approximation employed in Physical Astronomy 
rested on arbitrary processes, and not on any insight 
into the results of mechanical Action. But something 
was subsequently done to remove the ground of this 
complaint. In i8i8, Gauss pointed out that secular 
equations may be conceived to result from the disturb- 
ing body being distributed along its orbit so as to 
form a ring, d,nd thus made the result conceivable 
^more distinctly tlian as a mere refult of calculation. 
And it appears to me that Professor Airy’s treatise 
entitled Gravitation, published at Cambridge in 1834, 
is of great value in supplying sim ilar modes of concep- 
tion with regard to the mechanical origin of many of 
the principal inequalities of the solar system. 

Bessel in 1824, and Hansen in 1828, published works 
which are considered as belonging, along with those of 
Gauss, to a new mra in physical astronomy.® Gauss’s 
Theoria Motuuni Corporum CeUstium, which had La- 
lande’s medhl assigned to it by the French Institute, 
had already (1810) resolved all problems concerning 
the determination of the place of a planet or comet in 
its orbit in function of the elements. The value of 
Hansen’s labours respecting the Perturbations of the 
Planets was o*ecognized by the Astronomical Society of 
London, which awarded to them its gold medal. 

The investigations of M. Damoiseau, and of MM. 
Plana and Garlini, on the Problem of the Lunar Theory, 
followed nearly the same course as those of their j)re- 
decessors. In these, as in the Mecaniq^ie Celeste, and 
in preceding works on the same subject, the Moon’s 
co-ordinates (time, radius vector ai:ql latitude) were 
^expressed in function of her true longitude. The inte- 
grations were effected in series, and then by reversion 
of the series, the longitude was*expressed in function 
of the tirnQvj and then in the same manner the other 
tVo co-ordin^ites. But ^ir J ohn Lubbock and M. Pont- 
6coulaut have made the mean longitude of the moon, 


9 Ahlmnd. der Akad. d. Wiasensch. Berlin. i 8 z 4 ; and Disquisitiones 
circa Theoriam Perturhationum. See Jalm. Gesch. der Asirm. p. 84. 
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that is, the time, the independent variable, and have 
expressed the moon’s co-ordinates in terms (ff sines and 
cosines of angles increasing ))roportionallf to the time. 
And this method hast beert adopted by M. Poisson 
{Mem. Inst. xiii. 1835, p. 212). M. Damoiseau, like 
Laplace and Clairaut, has deduced the successive coeffi- 
cients of the lunar inequalities by numerical equations. 
But M. Plana expresses explicitly each coefficient in 
general terms of tlie letters exprcs.^ng the constants of 
the problem, arrai;^ing them according to the order of* 
the quantities, and substituting numbers at the end 
of the operation only. By attending to this arrange- 
ment, MM. Lubbock and Pontecoulant have verified 
or corrected a large portion of tlue terms contained in 
the investigations of MM. Damoiseau and Plana. Sir 
John Lubbock has calculated the jjolar co-ordinates of 
the Moon directly; M. Poisson, on the other hand, has 
obtained the variable elli})tical elements; M. Pont- 
(3(^ulaiit conceives that the method of variation of arbi- 
trary constants may most conveniently be reserved for 
secular inequalities and inequalities of long periods. 

MM. Lubbock and Pontecoulant have made the 
mode of treating the Lunar Theory and the Planetary 
Theory agree 'with each other, instead of following two 
different paths in the calculation of the t^o problems, 
which had previously been done. 

Prof Hansen, also, in his Fundame'nla Nova Inves- 
tigationis Orbltce verce quam Luna perlustj^at {GotlicB, 
1838) gives a general method, including the Lunar 
Theory and the Planetary Theory as two s})ecial cases. 
To this is annexed a solution of the Problem of Four 
Bodies. • 

I am here s]?eaking of the Lunai^ and Planetary 
Theories as Mechanical Problems only. Connected^ 
with this subject, I will not omit to notice a very 
general and beautiful method of solving problems 
respecting the motion of systems of muUiSllly attmeb- 
ing bodies, given by Sir W. S. Hamilton, in the Phi- 
losophical Transactions for 1834 — 5* (‘On a General 
Method in Dynamics.’) His method consists in inves- 
tigating the Principal Function of the co-ordinates of 
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tlie bodies : this function being one, by the differentia- 
tion of which, the co-ordinates of the bodies of the sys- 
tem may be ft^und. Moreover, an approximate value of 
this function being obtained, the same formulae supply 
a means of successive approximation without limit.] 

9. Precession, Motion of Rigid Bodies. — The series 
of investigations of which I have spoken, extensive 
and complex as it is, treats the moving bodies as points 
only, and takes nd^account of any peculiarity of their 
vform or motion of their parts. T^ie investigation of 
the motion of a body of any magnitude and form, is 
another branch of analytical mechanics, which well 
deserves notice. Like the former branch, it mainly 
owed its cultivation .to the problems suggested by the 
solar system. Newton, as we have seen, endeavoured 
to calculate the effect of the attraction of the suii and 
moon in producing x\\g precession of the equinoxes; but 
in doing this he made some mistakes. In 1747, 
D’Alembeiii solved this problem by the aid of l^is 
‘Principle;* and it was not difficult for him to show, 
as he did in his Opuscules, in 1761, that the same 
method enabled him to determine the motion of a 
body of any tigure acted upon by any forces. But, as 
the reader will have observed in the course of this 
narrative, the great mathematicians of this period 
were always^ nearly abreast of each other in their 
advances. — Euler,^^ in the mean time, had published, 
in 1751, a..solution of the problem of the precession; 
and in 1752, a memoir which he entitled. Discovery of 
a New Principle of Mechanics, and which contains a 
solution of tJie general problem of the alteration of 
rotary motion by forces. D’Alembert noticed with 
disapprobation ^Jie assumption of priority which this 
tiiitle implied, though allowing the merit of the memoir. 
Various improvements were made in these solutions; 
but the final form was given them by Euler ; and they 
were applied to a great variety of problems in his 
Theory of the Motion of Solid and Rigid Bodies, which 
was written about 1760, and published in 1765. 


w Ac. Berl. i745, i75o. 
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The formulae in this work were much simplified by the 
use of a discovery of Segiier, that every bocbjr has three 
axes which were called Principal Axesf about which 
alone (in general) it wtuld permanently revolve. The 
equations which Euler and other writers had obtained, 
were attacked as erroneous by Landen in the Philoso- 
phical Transactions for 1785; but I think it is impos- 
sible to consider this criticism otherwise than as an 
example of the inability of the EngTish mathematicians 
of that period to Jake a steady hold of the analytical 
generalizations to which the great Continental authors 
had been led. Perhaps one of the most retnarkable 
calculations of the motion of a rigid body is that which 
Lagrange performed with regard .to the Maoris Libra- 
tiim; and by which he showed that the Nodes of the 
Moon’s Equator and those of her Orbit must always 
coincide. 

I o. Vibrating Strings . — Other mechanical questions, 
unconnected with astronomy, were also pursued with 
great zeal and success. Among these was the problem 
of a vibrating string, stretched between two fixed 
points. There is not much complexity in the me- 
chanical conceptions which belong to this case, but 
considerable difficulty in reducing them to analysis. 
Taylor, in his Method of Increments^ published in 1716, 
had annexed to his work a solution of Cliis problem; 
obtained on suppositions, limited indeed, but appa- 
rently conformable to the most common circumstances 
of practice. John Bernoulli, in 1728, had also treated 
the same problem. But it assumed an interest alto- 
gether new, when, in 1747, D’Alembert published his 
views on the subject; in which he maintained that, 
instead of one Rind of curve only, tl^re were an infi- 
nite number of different curves, which answered th% 
conditions of the question. The problem, . thus put 
forward by one greal mathematician, was, as usual, 
taken up by the others, whose names jHe reader is 
now so familiar with in such an association. In 1748, 
Euler not only assented to the ‘generalization of 
D’Alembert, but held that it was ngt necessary that 
the curves so inti’oduced should be defined by any 
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algebraical condition whatever. From this extreme 
indetermiiKiteness D’Alembert dissented ; wliile Daniel 
Bernohlli, triisting more to physical and less to ana- 
lytical reasonings, raaintffined Hhat both these gene- 
ralizations were inapplicable in fact, and that the 
solution was really restricted, as had at first been 
supposed, to the form of the trochoid, and to other 
forms derivable from that. He introduce»], in such 
problems, the ‘ LaW of Coexistent Vibrations,’ which 
cis of eminent use in enabling us to fonceive the results 
of complex mechanical conditions, and the real import 
of many analytical expressions. In the mean time, 
the wonderful analytical genius of Lagrange had 
applied itself to this problem. He had formed the 
Academy of Turin, in conjunction with his friends 
Saluces and Cigna; and the first memoir in their 
Transactions was one by him on this subject : in this 
and in subsequent writings he has established, to the 
satisfaction of the mathematical world, that the func- 
tions introduced in such cases are not necessarily 
continuous, but are arbitrary to the same degree that 
the motion is so practically ; though capable of expres- 
sion by a series of circular functions. This contro- 
versy, concerning the degree of lawlessness with which 
the conditibns of the solution may be assumed, is of 
consequence, not only with respect to vibrating strings, 
but also with respect to many problems, belonging to 
a branch of Mechanics which we now have to mention, 
the Doctrine of Fluids. 

II. Equilibrium of Fluids, — Figure of the Earth . — 
Tides . — The application of the general doctrines of 
Mechanics to fluids was a natural and inevitable step, 
when the principles of the science had I)een generalized. 

was easily seen that a fluid is, for this . purpose, 
nothing more than a body of which the parts are move- 
able amongst each other with entire facility ; and that 
the nfathematician must trace the consequences of this 
condition upon his equations. This accordingly was 
done, by the founders of mechanics, both for the cases 
of the equilibrium and of motion. Newton’s attempt to 
solve the problem of the figure of the earthy supposing 
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it fluid, is the first example of such an investigation : 
and this solution rested upon principles wl^ch we liave 
already explained, applied with the skill and tagacity 
which distinguished aU thai Newton did. 

We have already seen how the generality of the 
principle, that fluids press equally in all directions, was 
established. In applying it to calculation, Newton 
took for his fundamental principte, the equal weight 
of columns of the fluid reaching the center ; Huy- 
ghens took, as his basis, the perpendicularity of the 
resulting force at each point to the surface of the fluicf ; 
Bouguer conceived that both principles were necessary ; 
and Clairaut showed that the equilibrium of oil canals 
is requisite. He also was the first mathematician who 
deduced from this principle the Equations of Partial 
Differentials by which these laws are expressed ; a step 
which, as Lagrange says,^- changed the face of Hydro- 
statics, and made it a new science. Euler simplified 
the mode of obtaining the Equations of Equilibrium 
for any forces whatever; and put them in the form 
which is now generally adopted in our treatises. 

The .explanation of the Tides^ in the way in which 
Newton attempted it in the third book of the Frin- 
cipia, is another example of a hydrostatical investiga- 
tion : for he considered only the form tliat the ocean 
would have if it were at rest. The mftmoirs of Mac- 
laurin, Daniel Bernoulli, and Euler, efn the question 
of the Tides, which shared among them the prize of the 
Academy of Sciences in 1740, went ufon the same 
views. 

The Treatise of the Figure of the Earthy by Clairaut, 
in 1743, extended Newton’s solution of the same pro- 
blem, by supposing a solid nucleus covered with a fluid 
of different density. No peculiar^ novelty has b^eii 
introduced into this subject, except a method employed 
by Laplace for determining the attractions of spheroids 
of small eccentricity, which is, as Professor ^iry^has 
said,^^ ‘ a calculus the most* singular in its nature, and 
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the most powerful in its effects, of any which has 
yet appeared.’ 

12. Gapillapj Action . — There is only one other pro- 
blem of the statics of fluids, op which it is necessary 
to say cfword, — the doctrine of Capillary Attraction. 
Daniel Bernoulli,^** in 1738, states that he passes over 
the subject, because he could not reduce the facts to 
general laws: but Olairaut was more successful, and 
Laplace and Poisson:: have since given great analytical 
completeness to his theory. At present our business 
IS, not so much -with the sufficiency of the theory to 
explain phenomena, as with the mechanical problem 
of which this is an example, which is one of a very 
remarkable and important character ; namely, to deter- 
mine the effect of attractions which are exercised by 
all the particles of bodies, on the hypothesis that the 
attraction of each particle, though sensible when it 
acts upon another particle at an extremely small dis- 
tance from it, becomes insensible and vanishes the 
moment this distance assumes a perceptible magni- 
tude. It may easily be imagined that the analysis by 
which results are obtained unSer conditions so general 
and so peculiar, is curious and abstract : the problem 
has been resolved in some very extensive cases. 

13. Motion of JJ'lnids . — The only branch of mathe- 
matical mechanics which remains to be considered, is 
that which is, we may venture to say, hitherto incom- 
parably the most incomplete of all, — Hydrodynamics. 
It may easily be imagined that the mere hypothesis of 
absolute relative mobility in the parts, combined with 
the laws of motion and nothing more, are conditions 
too va^ue and general to lead to definite conclusions. 
Yet such are the conditions of the problems which 
rgjate to the motion of fluids. Accordingly, the mode 
of solving them has been, to introduce certain other 
hypotheses, often acknowledged t6 be false, and almost 
always ^in soEie measure arbitrary, which may assist in 
determining and obtaining the solution. The V elocity 
of a fluid issuing from an orifice in a vessel, and the 
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Hesistance which a solid body suffers in moving in 
a fluid, have been the two main probleuri^ on which 
mathematicians have employed themselyes. We have 
already spoken of tfie manner in which Newton 
attacked both these, and endeavoured to connect them. 
Tlie subject became a branch of Analytical Mechanics 
by the labours of D. Bernoulli, whose Hydrodynamica 
was published in 1738. This work rests upon the 
Huyghenian principle of which wciiave already spoken 
in the history of^the center of oscillation; namely, tli^e 
equality of the actual descent of the particles and the 
fotential ascent; or, in other words, the conservation of 
vis viva. This was the first analytical treatise; and 
the analysis is declared by Lagrange to- be as elegant 
in its steps as it is simple in its results. Maclaurin 
also treated the subject; but is accused of reasoning 
in such a way as to show that he had determined 
upon his result beforehand ; and the method of J ohn 
Bernoulli, who likewise wrote upon it, has been 
strongly objected to by D’Alembert. D’Alembert him- 
self applied the principle which bears his name to 
this subject; publishing a Treatise on tlie Equilibrium 
and Motion of Fluids in 1744, and on the Resistance 
of Flu ids in 1753. His Reflexions sur la Cause Ghie- 
rale des Ve'}its, printed in 1747, are alsc? a celebrated 
work, belonging to this part of matherTiatics. Euler, 
in this as in other cases, was one of those who most 
contributed to give analytical elegance to the subject. 
In addition to the questions which have been men- 
tioned, he and Lagrange treated the problems of the 
small vibrations of fluids, both inelastic and elastic; — 
a subject which leads, like the question of vibrating 
strings, to softie subtle and abstruse considerations 
concerning the significations of the integrals of parfcj/il 
differential equations. Laplace also took up the sub- 
ject of waves propagated along the surface of water; 
and deduced a very celebrated theory the tideSj,, in 
which he considered the ocean to be, not in equili- 
brium, as preceding writers had su|)posed, but agitated 
by a constant series of undulations, produced by the 
solar and lunar forces. The difficulty of such an inves- 
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tigation may be judged of from this, that Laplace, iu 
order to ca^^ry it on, is obliged to assume a mechanical 
proposition, upproved, and only conjectured to be true ; 
namel}^,*® that, ‘in a system of bodies acted upon by 
forces which are periodical, the state of the system is 
periodical like the forces.* Even with this assumption, 
various other arbitrary processes are requisite; and it 
appears still very d&ubtful whether La})lace’s theory is 
either a better mecl'hanical solution of the problem, or 
4 nearer approximation to the laws of the phenomena, 
than that obtained by D. Bernoulli, following the 
views of xSfewton. 

In most cases, the solutions of problems of hydrody- 
namics are not satisfactorily confirmed by the results 
of observation. Poisson and Cauchy have prosecuted 
the subject of waves, and have deduced very curious 
conclusions by a very recondite and profound analysis. 
The assumptions of the mathematician here do not 
represent the conditions of nature; the rules of theory, 
therefore, are not a good standard to which we may 
refer the aberrations of particular cases; and the laws 
which we obtain from experiment are very imperhictly 
illustrated by d priori calculation. The case of this 
department of knowledge, Hydrodynamics, is very 
peculiar; we have reached the highest point of the 
science, — the ^laws of extreme simplicity and gene- 
rality from which the phenomena flow; we cannot 
doubt that the ultimate principles which we have 
obtained are the true ones, and those which really 
apply to the facts; and yet we are far from being able 
to apply the princi})les to explain or find out the facts. 
In order to do this, we want, in addition to what we 
have, true and useful principles, internlcdiate between 
ti e highest and tfie lowest ; — between the extreme and 
almost barren generality of the laws of motion, and the 
endless varieties and inextricable^ complexity of fluid 
motions' in special cases. The reason*of this peculiarity 
in the science of Hydrodyhainics appears to be, that its 
general principles 'were not discovered with reference 
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to the science itself, hut by extension from the sister 
science of the Mechanics of Solids ; theyii were not 
obtained by ascending gradually from «particulars to 
truths more and more® general, respecting the motions 
of fluids; but were caught at once, by a perception 
that the parts of fluids are included in that range of 
generality which we are entitled to give to the supreme 
laws of motions of solids. Thus, Solid Dynamics and 
Fluid Dynamics resemble two edifices which have their 
highest apartmen^/ in common, and though we can ex^ 
plore every part of the former building, we have not 
yet succeeded in traversing the staircase of File latter, 
either from the top or from the bottom. If we had 
lived in a world in which thera were no solid bodies, 
we should probably not yet have discovered the laws 
of motion; if we had lived in a world in which there 
were no fluids, w'e should have no idea how insufficient 
a complete possession of the general laws of motion 
may be, to give us a true knowledge of particular 
results. 

14. Various General^ Mechanical Principles. — The 
generalized laws of motion, the points to which I have 
endeavoured to conduct my history, include in them 
all other laws by which the motions of bodies can be 
regulated; and among such, several la^s which had 
been discovered before the highest point of generaliza- 
tion was reached, and which thus served as stepping- 
stones to the ultimate principles. Such, were, as we 
have seen, the Principles of the Conservation of vis 
viva^ the Principle of the Conservation of the Motion of 
the Center of Gravity, and the like. These principles 
may, of course be deduced from our elementary laws, 
and were finalfy established by mathematicians on that 
footing. There are other principles which may'be 
similarly demonstrated; among the rest,* I may men- 
tion the Principle of the Conservation of areas, which 
extends to any iftmber of bodies a law' analogous, to 
that which Kepler had observed, and Newton demom 
strated, respecting the areas described by each planet 
round the sun. I may mention also, the Principle of 
the Immohility of the plane of maxiuium areas, a plane 
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•which is not disturbed by any mutual action of the 
' parts of ally system. The former of these principles 
was published ‘about the same time by Euler, D. Ber- 
noulli, and Darcy, under dlffere^it forms, in 1746 and 
1747 ; the latter by Laplace. 

To these may be added a law, very celebrated in its 
time, and the occasion of an angry controversy, the 
Frinciple of least action. Maupertuis conceived that 
lie could establish priori, by theological arguments, 
tJiat all mechanical changes must take place in the 
world so as to occasion the least possible quantity of 
action, fn asserting this, it was proposed to measure 
the Action by the product of Velocity and Sjiace; 
and this measure being adopted, the mathematicians, 
though they did not generally assent to Maupertuis’ 
reasonings, found that his principle expressed a remark- 
able and useful truth, which might be established on 
known mechanical grounds. 

15. A nalytical Generality. Connexion of Statics and 
Dynamics. — Before I quit this subject, it is important 
to remark the peculiar character which the science of 
Mechanics has now assumed, in consequence of the 
extreme analytical generality which has been given 
it. Symbols, and operations upon symbols, include 
the whole of the reasoner’s task ; and though the rela- 
tions of space are the leading subjects in the science, 
the great analytical tri'atises upon it do not con- 
tain a single diagram. Ihe Mecanique Analytique of 
Lagrange, of which the first edition appeared in 1788, 
is by far the most consummate example of this analy- 
tical generality. ‘ The plan of this work,’ says the 
author, ‘ is entirely new. I have proposed to myself 
to reduce the whole theory of this science, and the art 
of resolving the problems which it includes, to general 
formulae, of which the simple developement gives all 
the equations necessary for the solution of the pro- 
blem.’ — ‘ Thd'reader will find no fibres in the work. 
The methods which I deliver do not require either 
constructions, or geometrical or mechanical reasonings; 
but only algebraical operations, subject to a regular 
and uniform rule of proceeding.’ Thus this writer 
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makes Mechanics a branch of Analysis; instead of 
making, as had previously been done, Analysis an 
implement of Mechanics.*® The transaendent* gene- 
ralizing genius of Lagfange, and his matchless analy- 
tical skill and elegance, have made this undei-taking as 
successful as it is striking. 

The mathematical reader is aware that the language 
of mathematical symbols is, in its nature, more general 
than the language of words; and^that in this way 
truths, translated mto symbols, often suggest their owi> 
generalizations. Something of this kind has happened 
in Mechanics. The same Formula expresses ftie gene- 
ral condition of Statics and that of Dynamics. The 
tendency to generalization which is thus introduced by 
analysis, makes mathematicians unwilling to acknow- 
ledge a plurality of Mechanical lu’inciples ; and in the 
most recent analytical treatises on the subjt^ct, all the 
doctrines are deduced from the single Law of Inertia. 
Indeed, if we identify Forces with the Velocities which 
produce tliem, and allow the Composition of Forces to 
be applicable to force so understood, it is easy to see 
that we can reduce the Laws of Motion to the Prin- 
ciples of Statics; and this conjunction, though it may 
not be considered fis philosophically just, is verbally 
correct. If we thus multiply or extend the meanings 
of the term Force, we make our elementary principles 
simpler and fewer than before; and those ])ersons, 
therefore, who are willing to assent to sijch a use of 
words, can thus obtain an additional generalization of 
dynamical principles ; and this, as I have stated, has been 
adopted in several recent treatises. I shall not further 
discuss here how far this is a real advance in science. 

Having thus •rapidly gone througji the history of 
Force and Attraction in the abstract, we return to th& 
attempt to interpret the phenomena of the univei*se by 
the aid of these abstractions thus established. 


Lagrange himself terms Me- the place •f a body in space, the 
chanics, * An Analytical Geometry time enters as a fourth co-ordinate. 
of four dimensions.’ Besides the [Note by Litfrow.] 
three co-ordinates wliich determine 
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But before we do so, we may make one remark on 
the history- of this part of science. In consequence of 
the vast career into which the Doctrine of Motion has 
been drawn by the splendid p/oblems proposed to it 
by Astronomy, the origin and starting point of Me- 
chanics, namely Machines, had almost been lost out 
of sight. Machines had become the smallest part of 
Mechanics^ as Land-measuring had become the smallest 
part of Geometry. Yet the a|)plication of Mathematics 
^o the doctrine of Machines has Icc^ at all periods of 
the Science, and especially in our own time, to curious 
and valuable results. Some of these will be noticed in 
the Additions to this volume. 



BOOK VII. 

THE MECHANICAL SCIENCES. 

(CONTINUED.) 


HISTOEY 

OF 

PHYSICAL ASTR0N.0MY. 


VOL. IL 


H 



Descend from heaven, Urania, by that name 
If rightly thou art called, whose voice divine 
Following, above the Olympian hill I soar, 
Above the flight of Pegasean wing. 

The meaning, not the name, I call, for thou 
Nor of the muses nine, nor on the top 
Of old Olympus dwell’st : but heavenly-bom. 
Before the hills appeared, or fountain flowed. 
Thou with Eternal Wisdom didst converse. 
Wisdom, thy sister. 


Paradise Lost^ B. vii. 
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CHAPTER L 

Prelude to the Inductive Epoch op Newton. 

• 

W E have now to contemplate ^the last and most 
splendid period of the progress of Astronomy; 
— the grand con^pletion of the history of the mosib 
ancient and prosperous province of human kijow ledge ; 
— the steps which elevated this science to an unrivalled 
eminence above other sciences ; — the first great example 
of a wide and complex assemblage of phenomena 
indubitably traced to their single simple cause; — in 
short, the first example of the formation of a perfect 
Inductive Science. 

In this, as in other considerable advances in real 
science, the complete disclosure of the new truths by 
the principal discoverer, was preceded by movements 
and glimpses, by trials, seekings, and guesses on the 
part of others ; by indications, in short, that men’s 
minds were already carried by their intellectual 
impulses in the direction in which the truth lay, and 
were beginning to detect its nature. Jn a case so 
important and interesting as this, it is more peculiarly 
proper to give some view of this Prelude to the Epoch 
of the full discovery. • 

{Francis Bacon.) That Astronomy should become 
Physical Astronomy, — that the motions of the heavenly 
bodies should be traced to their causes, as well as 
reduced to rule, — was felt by p-ll persons of actNe and 
philosophical minds as a pressing andi irresistible nee<^, 
at the time of which we speak. We have already 
seen how much this^ feeling had to do in impelling 
Kepler to the train of laborious research J3y which he 
made his discoveries. Perh§,ps it mayl^e interesting 
to point out how strongly this persn|ision of the neces- 
sity of giving a physical character to astronomy, had 
taken possession of the mind of BaOOn, who, looking 
at the progress of knowledge with a more comprehen- 

H 2 
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sive spirit, and from a higher point of view than 
Kepler, -coufd have none of his astronomical prejudices, 
since on that subject he was of a different school, and 
of far inferior knowledge. In iSs ‘ Description of the 
Intellectual Globe,* Bacon says that while Astronomy 
had, up to that time, had it for her business, to inquire 
into the rules of the Jieavenly motions, and Philosophy 
into their causes, t^ey had both so far worked without 
due appreciation of their respective tasks ; Philosoj)hy 
neglecting facts, and Astronomy claiming assent to her 
mathemaV-cal hypotheses, which ought to be considered 
as mere steps of calculation. ‘ Since, therefore,’ he 
continues, 1 ‘ each science has hitherto been a slight and 
ill-constructed thing, we must assuredly take a firmer 
stand; our ground being, that these two subjects, 
which on account of the narrowness of men’s views 
and the traditions of professors have been so long 
dissevered, are, in fact, one and the same thing, and 
compose one body of science.’ It must be allowed that, 
however erroneous might be the points of Bacon’s 
positive astronomical creed, these general views of the 
nature and position of the science are most sound and 
philosophical. 

{Kepler,) ^In his attempts to suggest a right physical 
view of the starry heavens and their relation to the 
earth, Bacon failed, along with all the writers of his 
time. It has already been stated that the main cause 
of this failure was the want of a knowledge of the 
true theory of motion ; — the non-existence of the 
science of Dynamics. At the time of Bacon and 
Kepler, it was only just beginning to be possible to 
reduce* the heavenly motions to the laws of earthly 
iqotion, because tiie latter were only jus^ then divulged. 
Accordingly, we have seen that the whole of Kepler’s 
physical speculations proceed upop an ignorance of the 
first law of|motion, and assume it to be the main 
problem of thb physical a,stronomer to assign the cause 
which keeps up th^ motions of the planets. Kepler’s 
doctrine is, that a certain Force or Virtue resides in 


< Vol. lx. 321 . 
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the sun, by which all bodies within his influence are 
carried round him. He illustrates^ the nature of this 
Virtue in various ways, comparing it t<f Light, and to 
the Magnetic Power, ^hich it resembles in the circum- 
stances of operating at a distance, and also in exercis- 
ing a feebler influence as the distance becomes greater. 
But it was obvious that these cojnparisons were very 
imperfect j for they do not explain how the sun pro- 
duces in a body at a distance a motion athwart the line 
of emanation ; ajid though Kepler introduced an ae- 
sumed rotation of the sun on his axis as the cause of 
this effect, that such a cause could jiroduce the result 
could not be established by any analogy of terrestrial 
motions. But another image to which he referred, 
suggested a much more substantial and conceivable 
kind of mechanical action by which the celestial 
motions might be produced, namely, a current of fluid 
matter circulating round the sun, and carrying the 
planet with it, like a boat in a stream. In the Table 
of Contents of the work on the planet Mars, the 
purport of the chapter to which I have alluded is 
stated as follows : ‘ A physical speculation, in which it 
is demonstrated that the vehicle of that Virtue which 
urges the planets, circulates through the spaces of the 
universe after the manner of a river^ or whirlpool- 
{vortex), moving quicker than the planets.* I think it 
will be found, by any one who reads Kepler’s phrases 
concerning the moving force, — the magnetic nature , — 
the immaterial virtue of the sun, that they convey no 
distinct conception, except so far as they are interpreted 
by the expressions just quoted. A voiiiex of fluid 
constantly whirling round the sun, kept in this whirl- 
ing motion b^ the rotation of the* sun himself, and 
carrying the planets round the sun by its revolutido, 
as a whirlpool carries straws, could be readily under- 
stood ; and though it appears to have been held by 
Kepler that this current and vortex vias immaterial, 
he ascribes to it the power of overcoming the inertia 
of bodies, and of putting them and keeping them in 


2 De Stella Martis, P. 3, c. xxxiv. 
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motion, the only material properties with which he 
had anything to do. Kepler’s physical reasonings, 
therefore, amount, in fact, to the doctrine of Vortices 
round the central bodies, and art occasionally so stated 
by himself ; though by asserting these vortices to be 
‘an immaterial species,’ and by the fickleness and 
variety of his phraseology on the subject, he leaves 
this theory in some confusion; — a proceeding, indeed, 
which both his want of sound mechanical conceptions, 
and his busy and inventive fancy, n^jght have led us 
to expect.^ Nor, we may venture to say, was it easy 
for any one at Kepler’s time to devise a more plausible 
theory than the theory of vortices might have been 
made. It was only with the formation and progress 
of the science of Mechanics that this theory became 
untenable. 

{Descartes.) But if Kepler might be excused, or 
indeed admired, for propounding the theory of Vortices 
at his time, the case was different when the laws of 
motion had been fully developed, and when those who 
knew the state of mechanical science ought to liave 
learned to consider the motions of the stai's as a 
mechanical problem, subject to the same conditions as 
other mechanical problems, and capable of the same 
exactness of ^^olutioii. And there was an especial 
inconsistency in the circumstance of the Theory of 
Vortices being put forwards by Descartes, who pre- 
tended, or was asserted by his admirers, to have l^en 
one of the discoverers of the true Laws of Motion. It 
certainly shows both great conceit and great shallow- 
ness, that he should have proclaimed with much pomp 
this crude invention of the ante-mechanical period, at 
the time when thp best mathematician^' of Europe, as 
Borelli in Italy, Hooke and Wallis in England, 
Huyghens in Holland, were patiently labouring to 
bring the mechanical problem of the univei’se into its 
most distinct ^form, in ordp that it might be solved at 
last and for ever. 

I do not mean to assert that Descartes borrowed his 
doctrines from Kepler, or from any of his predecessors; 
for the theory was sufficiently obvious; and especially 
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if we suppose the inventor to seek his suggestions 
rather in the casual examples offered to th^ sense than 
in the exact laws of motion. Nor wouki it be reason- 
able to rob this philosopher of that credit, of the 
plausible deduction of a vast system from apparently 
simple principles, which, at the time, was so much 
admired ; and which undoubtedly was the great cause 
of the many converts to his views / At the same time 
we may venture to say that a systdhi of doctrine thus 
deduced from asjunied principles by a long chain ^f 
reasoning, and not verified and confirmed at every step 
by detailed and exact facts, has hardly a chance of 
containing any truth. Descartes said that he should 
think it little to show how the world is constructed, 
if he could not also show that it mmt of necessity 
have been so constructed. The more modest philo- 
sophy which has survived the boastings of his school 
is content to receive all its knowledge of facts from 
experience, and never dreams of interposing its per- 
emptory must be when nature is ready to tell us 
what is. The d •priori philosopher has, however, 
always a strong feeling in his favour among men. 
The deductive form of his speculations gives them 
something of the charm and the apparent certainty of 
pure mathematics ; and while he avoids that laborious • 
recurrence to experiments, and measur&, and multi- 
plied observations, ^hich is irksome and distasteful to 
those who are impatient to grow wise at once, every 
fact of which the theory appears to give *an explana- 
tion, seems to be an unask^ and almost an infallible 
witness in its favour. 

My business with Descartes here is only "^ith his 
physical Theory of Vortices; which, ^ great as was its 
glory at one time, is now utterly extinguished, ^t 
was propounded in his Frmdpia Fhilosoj^iim^ in 1644. 
In order to arrive at* this theory, he begins, as might 
be expected of him, from reasonings suJSciently gene- 
ral. He lays it down as a *maxim, in the first sen- 
tence of his book, that a person seeks for truth 
must, once in his life, doubt of all that he most believes. 
Conceiving himself thus to have stripped himself of all 
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liis belief on all subjects, in order to resume that part 
of it whichf. merits to be retained, he begins with his 
celebrated assortion, ‘ I think, therefore, I am which 
appears to him a certain and immoveable principle, by 
means of which he may proceed to something more. 
Accordingly, to tliis he soon adds the idea, and hence 
the certain existence, of God and his perfections. He 
then asserts it to be also manifest, that a vacuum in 
any part of the unfverse is impossible; the whole must 
be filled with matter, and the mattey must be divided 
into equal angular parts, this being the most simple, 
and therefore the most natural supposition.® This 
matter being in motion, tlie parts are necessarily 
ground into a spherical form; and tlie corners thus 
rubbed off (like filings or sawdust) form a second and 
more subtle matter.^ There is, besides, a third kind 
of matter, of parts more coarse and less fitted for 
motion. The first matter makes luminous bodies, as 
the sun, and the fixed stars; the second is the trans- 
parent substance of the skies ; the third is the material 
of opaque bodies, as the earth, planets, and comets. 
We may suppose, also,® that the motions of these parts 
take the form of revolving circular currents,® or 
vortices. By this means, the first matter will be col- 
lected to the center of each vortex, while the second, 
or subtle matter, surrounds it, and, by its centrifugal 
effort, constitutes light. The planets are carried round 
the sun by the motion of his vortex,^ each planet 
being at such a distance from the sun as to be in a 
part of the vortex suitable to its solidity and mobility. 
The motions are prevented from being exactly circular 
and regular by various causes ; for instance, a vortex 
may be pressed into an oval shape' by contiguous 
vortices. The satellites are, in like manner, carried 
round their primary planets by subordinate vortices ; 
while the comets have sometimes *the liberty of gliding 
oiat of ^one v6?ftex into the one next contiguous, and 

* Ib. p. 59. ® Ib. p, 56. 

7 lb. c. 140, p. 1 14. 
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thus travelling in a sinuous course, from system to 
system, through the universe. ^ 

It is not necessary for us to speak here of the entire 
deficiency of this sysl^sm in mechanical consistency, 
and in a correspondency to observation in details and 
measures. Its general reception and temporary sway, 
in some instances even among intelligent men and 
good mathematicians, are the most remarkable facts 
connected with it. These may be ascribed, in part, to 
the circumstance^ that philosophers were now ready 
and eager for a physical astronomy commensurate with 
the existing state of knowledge ; they may hftve been 
owing also, in some measure, to the character and 
position of Descartes. He was a man of high claims 
in every department of speculation, and, in pure 
mathematics, a genuine inventor of great eminence; — 
a mail of family and a soldier; — an inoffensive philo- 
sopher, attacked and persecuted for his opinions with 
great bigotry and fury, by a Dutch divine, Voet;* — 
the favourite and teacher of two distinguished prin- 
cesses, and, it is said, the lover of one of theni. This 
was Elizabeth, the daughter of the Elector Frederick, 
and consequently grand-daughter of our James the 
First. His other royal disciple, the celebrated Chris- 
tina of Sweden, showed her zeal for his instructions- 
by appointing the hour of five in the moAing for their 
interviews. This, in the climate of Sweden, and in 
the winter, was too severe a trial for the constitution 
of the philosopher, born in the sunny valley of the 
Loire; and, after a short residence at Stockholm, he 
died of an inflammation of the chest in 1650. He 
always kept up an active correspondence w^th his 
friend Mersennt), who was called, by some of the Pari- 
sians, ‘the Eesident of Descartes at* Paris;’ and wlip 
informed him of all that was done in the world of 
science. It is said that he at first sent to Mersenne 
an account of a system of the univerae ^i^hich he hg,d 
devised, which went on the Assumption of a vacuum ; 
Mersenne informed him that the vadUum was no longer 
the fashion at Paris; upon which Jie proceeded to 
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remodel his system, and to reestablish it on the prin- 
ciple of 2i. ^plenum. Undoubtedly he tried to avoid 
promulgating opinions which might bring him into 
trouble. He, on all occasions,, endeavoured to explain 
away the doctrine of the motion of the earth, so as to 
evade the scruples to which the decrees of the pope 
had given rise; and. in stating the theory of vortices, 
he says,® ‘ There is*no doubt that the world was created 
at first with all ift; perfection) nevertheless, it is well 
to consider how it might have arisen from certain 
principles, although we know that it did not.’ Indeed, 
in the wllole of his philosojihy, he appears to deserve the 
character of being both rash and cowardly, ^ pmUlani- 
mus simul et audax, far more than Aristotle, to whose 
physical speculations* Bacon applies this description.® 

Whatever the causes might be, his system was well 
received and rapidly adopted. Gassendi, indeed, says 
that he found nobody who had the courage to read 
the Principia through;^® but the system was soon 
embraced by the younger professors, who were eager 
to dispute in its favour. It is said^^ that the Univer- 
sity of Paris was on the point of publishing an edict 
against these new doctrines, and was only prevented 
from doing so by a pasquinade which is worth men- 
tioning. It was composed by the poet Boileau (about 
1684), and professed to be a Bequest in favour of 
Aristotle, and an Edict issued from Mount Parnassus 
in consequence. It is obvious that, at this time, the 
cause of CaiHesianism was looked upon as the cause of 
free inquiry and modern discovery, in opposition to 
that of bigotry, prejudice, and ignorance. Probably 
the poet was far from being a very severe or profound 
critic of the truth of such claims. ‘ This petition of 
t^he Masters of Arts, Professors, and Begents of the 
University of Paris, humbly showctln that it is of 
public notoriety that the subliiiie ana incomparable 
-Aristotle wafa, without contest, the first founder of the 
four elements^ fire, air, earth, and water; that he did, 

® Prin. p. 56. 9 Bacon, DescripHo Globi Tntellectmlis. 
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by special grace, accord unto them a simplicity which 
belongeth not to them of natural right ^nd so on. 
‘Nevertheless, since, a certain time past, two indi- 
viduals, named Reason <^nd Experience, have leagued 
themselves together to dispute his claim to the rank 
which of justice pertains to him, and have tried to 
erect themselves a throne on the ruins of his autho- 
rity; and, in order the better to gain their ends, have 
excited certain factious spirits, who, finder the names 
of Cartesians and (^assendists, have begun to sliake off 
the yoke of their master, Aristotle ; and, contemning 
his authority, with unexampled temerity, woftld dis- 
pute the right which he had acquired of making true 
pass for false and false for true — ^^In fact this produc- 
tion does not exhibit any of the peculiar tenets of 
Descartes, although, probably, the positive points of 
his doctrines obtained a footing in the University of 
Paris, under the cover of this assault on his adversa- 
ries. The Physics of Rohault, a zealous disciple of 
Descartes, was published at Paris about 1670,^2 and 
was, for a time, the standard book for students of this 
subject, both in Fi’ance and in England. I do not here 
speak of the later defenders of the Cartesian system, 
for, in their hands, it was much modified by the strug- 
gle which it had to maintain against the Newtonian 
system. * 

We are concerned with Descartes and his school 
only as they form part of the picture of the intellectual 
condition of Europe just before the publication of 
Newton’s discoveries. Beyond this, the Cartesian 
speculations are witliout value. When, indeed, Des- 
cartes’ countrymen could no longer refuse their gssent 
and admiration %o the Newtonian theory, it came to 
be the fashion among them to say that Descartes had, 
been the nece3||ry precursor of Newton; and to adopt 
a favourite saying of Leibnitz, that the Cartesian phi- 
losophy was the antechamber of TrutJji? Yet thig 
comparison is far from being ha^py : it appeared rather 
as if these suitors had mistaken th^door; for those 
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who first came into the presence of Truth herself, were 
those wh4 never entered this imagined antechamber, 
and those who were in the antechamber first, were the 
last in penetrating further. Ri partly the same spirit, 
Playfair has noted it as a service which Newton per- 
haps owed to Descartes, that ‘ he had exhausted one 
of the most tempting forms of error.’ We shall see 
soon that this temptation had no attraction for those 
who looked at ftie problem in its true light, as the 
Italian and English philosophers a\ready did. Voltaire 
has observed, far more truly, that Newton’s edifice 
rested bn no stone of Descartes’ foundations. He 
illustrates this by relating that Newton only once read 
the work of Desca,rtes, and, in doing so, wrote the 
word * err or ^ repeatedly, on the first seven or eight 
pages ; after which he read no more. This volume, 
Voltaire adds, was for some time in the possession of 
N e wton’s nephe vv. 

(Ga^aendL) Even in his own country, the system 
of Descartes was by no means universally adopted. 
We have seen tliat though Gassendi was coupled wuth 
Descartes as one of the leaders of the new philosophy, 
he was far from admiring his work. Gassendi’s own 
views of the causes of the motions of the heavenly 
bodies are not very clear, nor even very clearly refer- 
rible to the laws of mechanics; although he was one 
of those who had most share in showing that those 
laws a])ply^ to astronomical motions. In a chapter, 
headed ‘ Quae sit motrix siderum causa,’ he reviews 
several opinions but the one which he seems to adopt, 
is that which ascribes the motion of the celestial globes 
to certain fibres, of which the action is similar to that 
of the muscles pf animals. .It does rfot appear, there- 
,fore, that he had distinctly apprehended, either the 
continuation of %he movements of th jiplanets by the 
First Law of Motion, or their deflection by the Second 
Law; — the ^.wo main steps on the road to the dis- 
covery of the true forces by which they are made to 
describe their oroits. 


*3 CarteHanunii Enc. Phil. 
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{Leibnitz, &c.) Nor does it appear that in Germany 
mathematicians had attained this point of view. Leib- 
nitz, as we have seen, did not assent to th^ opinions of 
Descartes, as containing^ the complete truth ; and yet 
his own views of the physics of the universe do not 
seem to have any great advantage over these. In 
1671 he published A new phydcal hypothesis, by which 
the causes of most phenomena are deduced from a certain 
single universal motion supposed in our globe; — not to 
be despised either by the Tychonians or the Copernicans, 
He supposes the particles of the earth to have separate 
motions, which produce collisions, and thus prof^agate*® 
an ‘agitation of the ether,’ radiating in all directions; 
and,^® ‘ by the rotation of the sun on its axis, concurring 
with its rectilinear action on the earth, arises the mo- 
tion of the earth about the sun.* The other motions 
of the solar system are, as we might expect, accounted 
for in a similar manner; but it appears difficult to 
invest such a hypothesis with any mechanical con- 
sistency. 

J ohn Bernoulli maintained to the last the Cartesian 
hypothesis, though with several modifications of his 
own, and even pretended to apply mathematical calcu- 
lation to his principles. This, however, belongs to a 
later period of our history ; to the reception, not to 
the prelude, of the Newtonian theory. 

{Borelli.) In Italy, Holland, and England, mathe- 
maticians appear to have looked much m<jre steadily 
at the problem of the celestial motions, by the light 
which the discovery of the real laws of motion threw 
upon it. In Borelli’s Theories of the Medicean Planets, 
printed at Florence in 1666, we have already %, con- 
ception of the nature of central actiqp, in which true 
notions begin to appear. The attraction of a body* 
upon another >^ich revolves about ilfts spoken of, and 
likened to magnetic action ; not converting the attract- 
ing force into a transverse force, according *to theferro* 
neous views of Kepler, but taking it as a tendency of 
the bodies to meet. ‘ It is manifest,* says he ,^7 < that 


Art. 5. 


Ib. 8 . 


’7 Cap. 3 . 
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every planet and satellite revolves round some prin- 
cipal globe of the universe as a fountain of virtue, 
which so draws and holds them, that they cannot by 
any means be separated from'^' it, but are compelled to 
follow it wherever it goes, in constant and continuous 
revolutions.’ And, further on, he describes^® the 
nature of the act^pn, as a matter of conjecture indeed, 
but with remarl^ble correctness.^® ‘We shall account 
for these motions by supposing, that which can hardly 
ube denied, that the planets hav^ a certain natural 
appetite for uniting themselves with the globe round 
which ^hey revolve, and that they really tend, with 
all their efforts, to approach to such globe ; the planets, 
for instance, to the sun, the Medicean Stars to Jupiter. 
It is certain, also, that circular motion gives a body a 
tendency to recede from the center of such revolution, 
as we find in a wheel, or a stone whirled in a sling. 
Let us suppose, then, the planet to endeavour to ap- 
proach the sun ; since, in the mean time, it acquires, 
by the circular motion, a force to recede from the same 
central body, it comes to pass, that when those two 
opposite forces are equal, each compensates the other, 
and the planet cannot go nearer to the sun nor further 
from him than a certain determinate space, and thus 
appears balanced and floating about him.’ 

This is a very remarkable passage ; but it will be 
observed, at the same time, that the author has no 
distinct conception of the manner in which the change 
of direction of the planet’ s motion is regulated from 
one instant to another ; still less do his views lead to 
any mode of calculating the distance from the central 
bodyuat which the planet would be thus balanced, or 
the space through which it might ^approach to the 
> center and recede from it. There is a great interval 
from Borelli’s Jesses, even to^Huyghens’ theorems; 
and a much greater to the beginning of Newton’s 
discoveries, d 

{England,) It is peculiarly interesting to us to 
trace the gradual approach towards these discoveries 


18 Ib. II. 


p. 47. 
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which took place in the minds of English mathema- 
ticians ; and this we can do with tolerable distinctness. 
Gilbert, in his work, Be Magnete, printed in 1600, has 
only some vague notioES that the magnetic virtue of 
the earth in some way determines the direction of the 
earth’s axis, the rate of its diurnal rotation, and that 
of the revolution of the moon abouj it.^® He died in 
1603, and, in his posthumous work, already mentioned, 
(J)e Mundo nostro Suhlunari Philosophia nova, 1651,) 
we have already a ipore distinct statement of the attrac-» 
tion of one body by another. 21 ‘ The force which ema- 
nates from the moon reaches to the eartlj, an in like 
manner, the magnetic virtue of the earth pervades the 
region of the moon : both correspond and conspire by 
the joint action of both, according to a proportion and 
conformity of motions : but the earth has more effect, 
in consequence of its superior mass; the earth attracts 
and repels the moon, and the moon, within certain 
limits, the earth ; not so as to make the bodies come 
together, as magnetic bodies do, but so that they may 
go on in a continuous course.’ Though this phraseology 
is capable of representing a good deal of the truth, it 
does not appear to have been connected, in the author’s 
^ind, with any very definite notions of mechanical 
action in detail. We may probably say the same of 
Milton’s language : 

What if the sun 

Be center to the world ; and other stars,. 

By his attractive virtue and their own 
Incited, dance about him various rounds ? 

Par, Lost, B. viii. 

Boyle, about the same period, seems to have inclined 
to the Cartesiai hypothesis. Thus, jin order to show 
the advantage of tlie natural theologjr which contem* 
plates organic contrivances, over tnK which refers to 
astronomy, he remarks, ‘ it may be said, that in bodies 
inanimate, the contrivance is^very rarely so ex(Juisite 
but that the various motions and occurrences of their 

“ Lib. vi. cap. 5, 7. • 21 ib. ii. c. ip. 

22 Shaw’s Boyle’s Wor 1 c 8 » ii. 160, 
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parts may, -without much improbability, be suspected 
capable, after many essays, to cast one other into several 
of those circumvolutions called by Epicurus, crvorpo^ac, 
and by Descartes, vortices; -which being once made, 
may continue a long time after the manner explained 
by the latter.’ Neither Milton nor Boyle, however, 
can be supposed to have had an exact knowledge of 
the laws of mechanics ; and therefore they do not fully 
represent the vie-^s of their mathematical contempo- 
i;aries. But there arose about thij time a group of 
philosophers, who began to knock at the door where 
Truth wks to be found, although it was left for Newton 
to force it open. These were the founders of the Boyal 
Society, Wilkins, Wallis, Seth Ward, Wren, Hooke, 
and others. The time of the beginning of the sj^ecu- 
lations and association of these men corresponds to the 
time of the civil wars between the king and parliament 
in England j and it does not appear a fanciful account 
of their scientific zeal and activity, to say, that while 
they shared the common mental ferment of the times, 
they sought in the calm and peaceful pursuit of know- 
ledge a contrast to the vexatious and angry struggles 
which at that time disturbed the repose of society. 
It was well if these dissensions produced any good tq 
science to balance the obvious evils which flowed from 
them. Gascbigne, the inventor of the micrometer, a 
friend of Horrox, was killed in the battle of Marston 
Moor. Milburne, another friend of Horrox, who like 
him detected the errours of Lansberg’s astronomical 
tables, left papers on this subject, which were lost by 
the coming of the Scotch army into England in 1639; 
in the/jivil war which ensued, the anatomical collec- 
tions of Harvey were plundered and destroyed. Most 
()f these persons of whom I have lately had to speak, 
were involved inflhe changes of fortune of the Com- 
monwealth, some on one side aild some on the other. 
"VJ^ilkins waA^made Warden of Wadham by the com- 
mittee of parliament Appointed for reforming the 
University of Oxfbrd ; and was, i^i659, made Master 
of Trinity College, Cambridge, by Richard Cromwell, 
but ejected thence the year following, upon the restora- 
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tion of the royal sway. Setli Ward, who was a Fellow 
of Sidney College, Cambridge, , was deprived of his 
Fellowship by the parliameiitjtry committee; but at 
a later period (1649) *ie took the engagement to be 
faithful to the Commonwealth, and became Savilian 
Professor pf Astronomy at Oxford. Wallis held a 
Fellowship of Queen’s College, Cambridge, but vacated 
it by marriage. He was afterwards much employed 
by the royal j)arty in deciphering secret writings, in 
which art he had peculiar skill. Yet he was appointee^ 
by the parliamentary commissioners Savilian !]^rofessor 
of Geoim?try at Oxford, in wliich situation he was con- 
tinued b}^ Charles II. after his restoration. Christo] )her 
Wren was somewliat later, and escaped these changes. 
Ho was chosen Fellow of All -Souls in 1652, and suc- 
ceeded Ward as Savilian Professor of Astronomy. 
These men, along with Boyle and several others, 
formed themselves into a club, which they called the 
Pliilosoj)]iical, or the Invisible College; and met, from 
about the year 1645, sometimes in London, and some- 
times in Oxford, according to the changes of fortune 
and residence of the members. Hooke went to Christ 
Church, Oxford, in 1653, where he was ])atronized by 
Boyle, Ward, and Wallis; and when the Philosophical 
College resumed its meetings in London after the 
Kestoration, as the Royal Society, Hooke was made 
* curator of ex])ei iments.’ Halley was of the next 
generation, and comes after Newton; he studied at 
Queen’s College, Oxford, in 1673; but was at first a 
man of some fortune, and not engaged in any official 
situation. His talents and zeal, however, made him 
an active and effective ally in the promotion of 
science. * • 

The connexion of the persons of w^m we have been* 
speaking has a bearing on our subjec*for it led, histo- 
rically speaking, to the publication of Ne\y^ton’s disco- 
veries ill physical astronomy.. Rightly to propose d 
problem is no inconsidei-able step to jts solution ; and 
it was undoubtedly sk great advance towards the true 
theory of the universe to consider the motion of the 
planets round the sun as a mechanical question, to be 

VOL. II. I 
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solved by a reference to the laws of motion, and by 
the use of mathematics. So far the English philoso- 
phers appear ’to have gone, before the time of Newton. 
Hooke, indeed, when the doctrine of gravitation was 
published, asserted that he had discovered it previously 
to Newton; and though this pretension could not be 
maintained, he ceistainly had perceived that the thing 
to be done was,«|to determine the effect of a central 
force in producing curvilinear motion ; which effect, as 
Ve have already seen, he illustrated by experiment as 
early a^ 1666. Hooke had also spoken more clearly 
on this subject in An Attempl to prove the Motion of 
the Earth from Observations^ published in 1674. In 
this, he distinctly states that the planets would move 
in straight lines, if they were not deflected by central 
forces ; and that the central attractive power increases 
in approaching the center in certain degrees, dependent 
on the distance. ‘ Now what these degrees are,* he 
adds, ‘ I have not yet experimentally verifled ;* but he 
ventures to promise to any one who succeeds in this 
undertaking, a discovery of the cause of the heavenly 
motions. He asserted, in conversation, to Halley and 
Wren, that he had solved this problem, but his solu- 
tion was never produced. The proposition that the 
attractive force of the sun varies inversely as the 
square of the distance from the center, had already 
been divined, if not fully established. If the orbits 
of the plarets were circles, this proportion of the forces 
might be deduced in the same manner as the proposi- 
tions concerning circular motion, which Huyghens 
published in 1673 ; yet it does not appear that Huy- 
wheniff made this application of his principles. Newton, 
iiowever, had already made this step Some years before 
this time. Acc^dingly, he says in a letter to Halley, 
m Hooke’s clami to this discovery, ‘When Huy- 
renius put^out his Horologium OsdUatorium, a copy 
3eing presefited to me^ in my letter of thanks I gave 
;hose rules in thp end thereof a particular commenda- 
ion for their usefulness in computing the forces of 


^ Diog, JJrit.t art. Hooke. 
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tlie moon from the earth, and the earth from the sun.’ 
He says, moreover, ‘ I am almost confident by circum- 
stances, that Sir Christopher Wren knew the duplicate 
proportion when I ga^e him a visit; and then Mr. 
Hooke, by his book Cometa, will prove the last of us 
three that knew it.’ Hooke’s Gometa was published 
in 1678. These inferences were all connected with 
Kepler’s law, that the times are in, the sesquiplicate 
ratio of the major axes of the orbits. But Halley had 
also been led to the duplicate proportion by anothef 
train of reasoning, namely, by considering 1j;ie force 
of the sun as an emanation, which must become more 
leeble in proportion to the increased spherical surface 
over which it is ditfused, and therefore in the inverse 
proportion of the square of the distances. In this 
view of the matter, how'ever, the difficulty was to 
determine what would be the motion of a body acted 
on by such a force, when the orbit is not circular but 
oblong. The investigation of this case was a problem 
which, we can easily conceive, must have appeared of 
very formidable complexity while it was unsolved, 
and the first of its kind. Accordingly Halley, as his 
biographer says, ‘finding himself unable to make it 
out in any geometrical way, first applied to Mr. Hooke 
and Sir Christopher Wren, and meeting with no 
assistance from cither of them, he went to Cambridge 
ill August (1684), to Mr. Newton, who supjdied him 
fully with what he had so ardently sought.’* 

A paper of Halley’s in the Philosophiccbl Transac- 
tions for January, 1686, professedly inserted as a 
preparation for Newton’s work, contains some argu- 
ments against the Cartesian hypothesis of gravity, 
which seem to Aply that Cartesian opinions had some 
footing among English philosophers • and we are told* 
by Whiston, Newtoii’s successor in nia professorship 
at Cambridge, that Cartesianism formed a* part of the 
studies of that place. Indeed Rohault’^ Physics was 


Bullialdus. in 1645, had as- hold of and grapples the planets, 
sorted that the force by which the must be as the inverse square of 
sun * prehendit et harpagat,' takes the distance. 
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used as a class-book at that University long after tlie 
time of which we are speaking; but the peculiar 
Cartesian doctrines which it contained were soon 
superseded by others. * 

With regard, then, to this part of the discovery, 
that the force of the sun follows the inverse duplicate 
proportion of the distances, we see that several other 
persons were on the verge of it at the same time with 
Newton; though he alone possessed that combination 
of distinctness of thought and power of mathematical 
invention, which enabled him to force his way across 
the barrier. But another, and so far as we know, an 
earlier train of thought, led by a different patli to the 
same result ; and it was the convergence of these two 
lines of reasoning that brought the conclusion to men’s 
minds with irresistible force. I speak now of the 
identification of the force which retains the moon in 
her orbit with the force of gravity by which bodies fall 
at the earth’s surface. In this com])arison Newton 
had, so far as I am aware, no forerunner. Wc are 
now, therefore, arrived at the point at which the his- 
tory of Newton’s great discovery properly begins. 
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CHAPTER IL 

The Inductive Epoch of Newton. — Discovery op 
THE Universal Gravitation op. Matter, accord- 
ing TO THE Law of the Inverse Square of the 
Distance. 

I N order that we may the more clearly consider the 
bearing of this, the gi’eatest scientific discovery 
ever made, we shall resolve it into the partial pro- 
liositions of which it consists. Of these we may 
enumerate five. The doctrine of universal gravitation 
asserts, 

I. That the force by which the different planets are 
a ttracted to the sixii is in the inverse projiortion of the 
squares of their distances ; 

2. That the force by which the same planet is 
attracted to the sun, in difterent parts of its orbit, is 
also in the inverse proportion of the squares of the 
distances ; 

3. That the earth also exerts such a force on the 
moon^ and that this force is identical witli^the force of 
gravity] 

4. That bodies thus act on other bodies, besides 
those which revolve round them ; thus, tli^it the sun 
exerts such a force on the moon and satellites, and 
that the planets exert such forces on 07 ie another; 

5. That this force, thus exerted by the general 
masses of the sun, earth, and planets, arises from the 
attraction of eaVi particle of these .masses j which 
attraction follows the above law, and belongs to all* 
matter alike. 

The history of the establishment of these^ five truths 
will be given in order. ^ • 

I. Suns Foi'ce on Differe^U Planets . — With regard 
to the first of the above five propo*sitions, that the 
different planets are attracted to the «un by a force 
which is inversely as the square of the distance, 
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Newton had so far been anticipated, that several per- 
sons had discovered it to be true, or nearly true ; that 
is, they had discovered that if the orbits of the planets 
were circles, the proportions of the central force to 
the inverse square of the distance would follow from 
Kepler’s third law, of the sesquiplicate proportion of 
the periodic timos. As we have seen, Huyghens’ 
theorems would Jiave proved this, if they had been so 
applied; Wren knew it; Hooke not only knew it, but 
^claimed a prior knowledge to Newton; and Halley 
had satisfied himself that it was at least nearly true, 
before Ibe visited Newton. Hooke was reported to 
Newton at Cambridge, as having applied to the Royal 
Society to do him justice with regard to his claims; but 
when Halley wrote and informed Newton (in a letter 
dated June 29, 1686), that Hooke’s conduct ‘had been 
represented in worse colours than it ought,’ Newton 
inserted in his book a notice of these his predeccssoi*s, 
in order, as he said, ‘ to compose the dispute.’ ^ This 
notice appears in a Scholium to the fourth Proposition 
of the Princijna, which states the general law of revo- 
lutions in circles. ‘ The case of the sixth corollary,’ 
Newton there says, ‘ obtains in the celestial bodies, as 
has been separately inferred by our countrymen. Wren, 
Hooke, and, Halley;’ he soon after names Huyghens, 
‘ who, in his excellent treatise De Horologia Oscilla- 
torio, compares the force of gi'avity with the centri- 
fugal forc^^s of revolving bodies.’ 

The two steps requisite for this discovery were, to 
propose the motions of the planets as simply a mecha- 
nical problem, and to apply mathematical reasoning so 
as te solve this problem, with reference to Kepler’s 
third law considered as a fact. The former step was 
• a consequence of the mechanical discoveries of Galileo 
and his school; the result of the firm and clear place 
which these gradually obtained in men’s minds, and of 
*the litter ah Dlition of all the notions of solid spheres 
by Kepler. The mathematical step required no small 
mathematical powers; as appears, when we consider 


Biog. Brit folio, art. Hooke. 
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that this was the first example of such a problem, and 
that the method of limits, under all its forms, was at 
this time in its infancy, or rather, at its birth. Accord- 
ingly, even this step, though much the easiest in the 
path of deduction, no one before Newton completely 
executed. 

2. Force in different Points of an Orbit , — The infe- 
rence of the law of the force from Kepler’s two laws 
concerning the elliptical motion,' was a problem quite 
different from the preceding, and much more difficult,; 
but the dispute with respect to priority in the two 
propositions was intermingled. Borelli, in 1666, had, 
as we have seen, endeavoured to reconcile the general 
form of the orbit with the notion of a central attrac- 
tive foT'ce, by taking centrifugal force into the account ; 
and Hooke, in 1679, had asserted that the result of 
the law of the inverse square in the force of the earth 
would be an ellipse, ^ or a curve like an ellipse.^ But 
it does not appear that this was anything more than 
a conjecture, Halley says^ that ‘Hooke, in 1683, 
told him he had demonstrated all the laws of the 
celestial motions by the reciprocally duplicate propor- 
tion of the force of gravity; but that, being offered 
forty shillings by Sir Christopher Wren to produce 
such a demonstration, his answer was, that he had it, 
but would conceal it for some time, that Rthei*s, trying 
and fiiiling, might know how to value it when he 
should make it public.’ Halley, however, truly ob- 
serves, that after the publication of the demonstration 
in the Principia, this reason no longer held; and adds, 

‘ I have plainly told him, that unless he produce 
another differing demonstration, and let the^ world 
judge of it, neitlier I nor any one else can believe it.’ 

Newton allows that Hooke’s assertions in 1679 gavp 
occasion to his investigation 011 this point of the theory. 
His demonstration *is contained in ’the second and 
third Sections of the Principia, He fir^f treats of t^e 

2 Xewton’8 Letter, Biog, Brit., Hooke, p. z66q. 

8 Birch’s mat R. S., Wallis’s Life. • 

^ Bfic. Brit., Hooke, p. z66o. 
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general law of central forces in any curve ; and then, 
on account, as he states, of the application to the 
motion of the heavenly bodies, he treats of the case of 
force varying inversely as the square of the distance, 
in a more diffuse manner. 

In this, as in the former portion of his discovery, 
the two steps were, the proposing the heavenly motions 
as a mechanical problem, and the solving tliis problem. 
Borelli and Hooke had certainly made the former step, 
with considerable distinctness; but the mathematical 
solution required no common inventive power. 

Newton seems to have been much ruffled by Hooke’s 
speaking slightly of the value of this second step ; and 
is moved in return to deny Hooke’s pretensions with 
some asperity, and to assert his own. He says, in a 
letter to Halley, ‘ Borelli did something in it, and 
wrote modestly ; he (Hooke) has done nothing ; and 
yet written in such a way as if he knew and had suffi- 
ciently hinted all but what remained to be determined 
by the drudgery of calculations and observations; 
excusing himself from that labour by rciison of his 
other business ; whereas he should rather have excused 
himself by reason of his inability : for it is very plain, 
by his words, he knew not how to go about it. Now 
is not this very fine? Mathematicians that find out, 
settle, and d6 all the business, must content themselves 
with being nothing but dry calculators and drudges; 
and another that does nothing but pretend and grasp 
at all things, must carry away all the inventions, as 
well of those that were to follow him as of those that 
went before.’ This was written, however, under the 
influence of some degree of mistake ; and in a subse- 
quent letter, Newton says, ‘ Now I understand he was 
in some respects misrepresented to me, I wish I had 
spared the postscript to my last,’ in which is the pas- 
sage just quoted. We see, by the melting away of 
rival claims, ijie undivided honour which belongs to 
Newton, as the real disc6verer of the proposition now 
under notice. W b may add, that in the sequel of the 
third Section of the Prindpia, he has traced its con- 
sequences, and solved various problems flowing from 
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it with his usual fertility and beauty of mathematical 
resource; and has there shown the necessary connexion 
of Kejder’s third law with his first and second. 

3. Moons Gravity 40 llie Earth. — Though others 
had considered cosmical forces as governed by the 
general laws of motion, it does not api)ear that they 
had identified such forces with the force of terrestrial 
gravity. This step in Newton’s discoveries has gene- 
rally been the most spoken of by superficial thinkers ; 
and a false kind of interest has been attached to it, 
from the story of its being suggested by the fall of an 
apple. The popular mind is caught by the %hai*acter 
of an eventful narrative which the anecdote gives to 
tliis occurrence; and by the antithesis which makes a 
profound theory appear the result of a trivial accident. 
How iiui]>])ropriate is such a view of the matter we 
shall soon see. The narrative of the progress of 
Newton’s thoughts, is given by Pemberton (who had 
it from Newton himself) in his preface to his View of 
Newtons Philosophy y and by Voltaire, who had it from 
Mrs. Conduit, Newton’s niece. ^ ‘ The first thoughts,’ 

we are told, ‘ which gave rise to his Prmcipiay he had 
when he retired from Cambridge, in 1666, on account 
of the plague, (he was then twenty-four years of age). 
As he sat alone in a garden, he fell into a sj)eculatiou 
on the power of gravity ; that as this ^ower is not 
found sensibly diminished at the remotest distance 
from the center of the earth to which we can rise, 
neither at the tops of the loftiest buildings, nor even 
on the summits of the highest mountains, it appeared 
to him reasonable to conclude that this power must 
extend much further than was usually thought: Why 
not as high as •the n^on? said he to himself; and if 
so, her motion must be influenced bj^ it ; perhaps she 
is retained in her orbit thereby.’ 

The thought of c6sniical gravitation was thus dis- 
tinctly brought into being : and Newto^’fe supeu'iori^ 
here was, that he conceived the celestial motions as 
distinctly as the motions which tcK)k place close to 


Elemms de Phil, dc Aewtony 3ine partie, chap. iii. 
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him ; — considered them as of the same kind, and applied 
the same rules to each, without hesitation or obscurity. 
But so far, this thought was merely a guess : its occur- 
rence showed the activity of the thinker; but to give 
it any value, it required much more than a ‘ why not V 
— a ^perhaps.’ Accordingly, Newton’s Svhy not?’ 
was immediately succeeded by his ‘if so, what then?’ 
His reasoning was, that if gravity reach to the moon, 
it is probably of the same kind as the central force of 
the sun, and follows the same rule with respect to the 
distance. What is this rule? We have already seen 
that, by Calculating from Kepler’s laws, and supposing 
the orbits to be circles, the rule of the force appears to 
be the inverse duplicate proportion of the distance; 
and this, which had been current as a conjecture among 
the previous generation of mathematicians, Newton 
had already j)roved by indisputable reasonings, and 
was thus prepared to proceed in his train of inquiry. 
If, then, he went on, pursuing his train of thought, 
the earth’s gravity extend to the moon, diminishing 
according to the inveiae square of the distance, will 
it, at the moon’s orbit, be of the proper magnitude for 
retaining her in her path? Here again came in calcu- 
lation, and a calculation of extreme interest ; for how 
important and how critical was the decision which 
depended on’ the resulting numbers? According to 
Newton’s calculations, made at this time, the moon, by 
her motion in her orbit, was deflected from the tangent 
every miniile through a space of thirteen feet, fiut 
by noticing the space through which bodies would fall 
in one minute at the earth's surface, and supposing 
this to be diminished in the ratio of the inverse square, 
it appeared that gravity wouldi at the moon’s orbit, 
draw a body through more than fifteen feet. The dif- 
ference seems small, the approximation encouraging, 
the theory plausible; a man irf love with his own 
fanciest, would Readily have discovered or invented some 
probable cause of this difference. But Newton ac- 
quiesced in it as a disproof of his conjecture, and ‘ laid 
aside at that time any further thoughts of this matter ;’ 
thus resigning a favourite hypothesis, with a candour 
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and openness to conviction not inferior to Kepler, 
though his notion had been taken up on far stronger 
and sounder grounds than Ke|)ler de^t in ; and with- 
out even, so far as we know, Kepler’s regrets and 
struggles. Kor was this levity or indifference ; the 
idea, though thus laid aside, was not finally condemned 
and abandoned. When Hooke, ii^ 1679, contradicted 
Newton on the subject of the curve described by a 
falling body, and asserted it to be an ellipse, Newton 
was led to investigate the subject, and was then again 
conducted, by another road, to the same law of the 
inverse square of the distance. This naturally turned 
his thoughts to his former speculations. Was there 
really no way of explaining the discrepancy which this 
law gave, when he attempted to reduce the moon’s 
motion to the action of gravity? A scientific opera- 
tion then recently completed, gave the exj)lanation at 
once. lie had been mistaken in the magnitude of the 
earth, and consequently in the distance of the moon, 
'W^hich is determined by measurements of which the 
earth’s radius is the base. He had taken the common 
estimate, current among geographers and seamen, that 
sixty English miles are contained in one degree of 
latitude. But Picard, in 1670, had measured the 
length of a certain portion of the meridian in France, 
with far greater accuracy than had yet been attained ; 
and this measure enabled Newton to repeat his calcu- 
lations with these amended data. We may imagine 
the strong curiosity which he must have Iblt as to the 
result of these calculations. His former conjecture 
was now found to agree with the phenomena to a 
remarkable degree of precision. This conclusion, thus 
coming after Aong doubts and delays, and falling in 
with the other results of mechanical calculation fpr 
the solar system, gave a stamp from that moment to 
his opinions, and tlirough him to those of the whole 
philosophical world. • 

[2nd Ed.] [Dr. ‘Robison* {Mechanical Philosophy y 
p. 288) says that Newton having Uhcome a member of 
the Royal Society, there learned the^ccurate measure- 
ment of the earth by Picard, differing very much from 
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the estimation hy which he had made liis calculations 
in 1666. And M. Biot, in his life of Newton, pub- 
lished in the Blograplde Universellej soys, ^According 
to conjecture, ^OMt the month oi June, 1682, Newton 
being in Loudon, at a meeting of the Ilo3^al Society, 
mention was made of the new measure of a degree of 
tlie earth’s surface,^ recently executed in France by 
Picard ; and great praise was given to the care which 
had been employed in making this measure exact.’ 

I had adopted this conjecture as a fact in my first 
edition ; but it has been pointed out by Prof. Rigaud 
{Historical Essay on the First Eahlicat ion of the Frin- 
cipia, 1838), that Picard’s measurement was probably 
well known to the Fellows of the Royal Society as 
early as 1675, there being an account of the results of 
it given in the Philosophical Transactions for that 
year. Newton appears to have discovered the method 
of determining tliat a body might describe an ellipse 
when acted upon by a force residing in tlie focus, and 
varying inversely as the square of the distance, in 
1679, upon occasion of his correspondence with Hooke. 
In 1684, at Halle^^’s request, he returned to the sub- 
ject, and in February, 1685, there was inserted in the 
Register of the Royal Society a j)aper of Newton’s 
{Isaaci Newtoni Frojjositiones de Motu^ which con- 
tained some ot the })rincipal Propositions of the first 
two Books of the Frincipia. This pai)er, however, 
does not contain the Proposition ‘ Lunam graVitare in 
terram,’ nor any of the other propositions of the third 
Book. The Prhicipia was printed in 1686 and 7, 
apparently at the expense of Hailey. On the 6th of 
April, 1687, the Third Book was presented to the 
Royal Society.] * 

.It does not appear, I think, that before Newton, 
philosophers in general had supposed that terrestrial 
gravity was the very force by which* the moon’s motions 
arp produced. ‘ , Men had, as we have seen, taken up 
the conception of such forces, and liad probably called 
them gravity: but* this was done only to explain, by 
analogy, what kind of forces they were, just as at 
otheji^imes they compared them with magnetism ; and 
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it did not imply that terrestrial gravity was a force 
which acted in the celestial spaces. After Newton 
had discovered that this was so, the application of the 
term * gravity’ did unfloubtedly convey such a sugges- 
tion; but we should err if we inferred from this 
coincidence of expression that the notion was com- 
monly entertained before him. « Thus Huyghens 
appears to use language which may be mistaken, when 
he says,® that Borelli was of opinion that the primary 
planets were urged by ‘gravity’ towards the sun, and 
the satellites towards the primaries. The potion of 
terrestrial gravity, as being actually a cosmical force, 
is foreign to all Borelli’s speculations.^ But Honm, 
as early as 1635, aj)pears to have entertained the true 
view on this subject, although vitiated V)y Keplerian 
errours concerning the connexion between the rotation 
of the central body and its etfcct on the body which 
revolves about it. Thus he says,^ that the emanation 
of the efirtli carries a projected stone along with the 
motion of the earth, just in the same way as it carries 
the moon in her orbit; and that this force is greater 
on the stone than on the moon, because the distance 
is less. 

The Proposition in which Newton has stated the 
discovery of which we are now speaking^ is the fourth 
of his third Book : ‘ That the moon gravitates to the 
earth, and by the force of gravity is perpetually 
deflected from a rectilinear motion, and ^retained in 
her orbit.’ The proof consists in the numerical calcu- 
lation, of which he only gives the elements, and points 
out the method ; but we may observe, that no small 
degree of knowledge of the way in which astroiiomers 
had obtained tflese elements, and judgment in selecting 
among them, were necessary : thus, the mean distance 
of the moon had been made as little as ^fty-six and a 
half semi-diameters of the earth by Tycho, and as 


® CosmotJieroSt 1. z. p. 7zo. 

7 I have found no instance in 
which the word is so used by 
him. 


® Astrmwniia Kepleriana di^ensa 
et promotaj cap. z. See further 
on this subject in the 
this volume. f J 
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much as sixty-two and a half by Kircher : Newton 
gives good reasons for adopting sixty-one. 

The term ‘gravity,’ and the expression ‘to gravi- 
tate,’ which, as we have just seen, Newton uses of the 
moon, were to receive a still wider application in con- 
sequence of his discoveries ; but in order to make this 
extension clearer, we consider it as a separate step. 

*4. Mutual Attraction of all tJie Celestial Bodies , — 
If the preceding parts of the discovery of gravitation 
were comparatively easy to conjecture, and difficult to 
prove ; this was much more the case with the part of 
which we have now to speak, the attraction of other 
bodies, besides the central ones, ui)on the planets and 
satellites. If the mathematical calculation of the 
unniixed effect of a central force required transcendent 
talents, how much must the difficulty be increased, 
when other influences prevented those first results 
from being accurately verified, while the devhitions 
from accuracy were far more complex than the original 
action! If it had not been that these deviations, 
though surprisingly numerous and complicated in their 
nature, were very small in their quantity, it would 
have been impossible for the intellect of man to deal 
with the subject ; as it was, the struggle with its diffi- 
culties is even now a matter of wonder. 

The conjecture that there is some mutual action of 
the planets, had been put forth by Hooke in his 
Attempt to vrove the Motion of the Earthy (1674.) It 
followed, he said, from his doctrine, that not only the 
sun and the moon act upon the course and motion of 
the earth, but that Mercury, Venus, Mars, Jupiter, 
and Saturn, have also, by their attractive power, a con- 
siderable influence upon the motion of the earth, and 
the earth in like manner powerfully affects the motions 
of those bodies. And Borelli, in attempting to form 
‘theories’ of the satellites of Jupiter, had seen, though 
dimly 'and confusedly, the probability that the sun 
would disturb the motions of these bodies. Thus he 
says, (cap. 14,) ‘ Sow can we believe that the Medicean 
globes are not, < like other planets, impelled with a 
greater velocity when they approach the sun; and 
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thus they are acted upon by two moving f(jrces, one of 
which produces their proper revolution about Jupiter, 
the other regulates their motion round the sun.’ And 
in another place, (cap.* 20,) he attempts to show an 
effect of this principle upon the inclination of the 
orbit ; though, as might be expected, without any real 
result. e 

The case which most obviously suggests the notion 
that the sun exerts a power to disturb the motions of 
secondary jJanets abc^t primary ones, might seem to 
be our own moon ; for the great inequalities which 
had hitherto been discovered, had all, except* the first, 
or elliptical anomaly, a reference to the position of the 
sun. NTevertheless, I do not know that any one had 
attempted thus to explain the curiously irregular course 
of the earth’s attendant. To calculate, from the dis- 
turbing agency, the amount of the irregularities, was 
a problem which could not, at any former period, have 
been dreamt of as likely to be at any time within the 
verge of human power. 

Newton both made the step of inferring that there 
were such forces, and, to a very great extent, calculated 
the efiects of them. The inference is made on mecha- 
nical principles, in the sixth Theorem of the third 
Book of the Frmcipia ; — that the moon is attjacted 
by the sun, as the earth is; — that the satellites of 
Jupiter and Saturn are attracted as the primaries are; 
in the same manner, and with the sam^ forces. If 
this were not so, it is shown that these attendant 
bodies could not accompany the principal ones in the 
regular manner in which they do. All those bodies 
at equal distances from the sun would be equally 
attracted. • , 

But the complexity which must occur in tracing 
the results of this principle will easily, be seen. The 
satellite and the primary, though nearly at the same 
distance, and in the same direction, from* the sun, are 
not exactly so. Moreover tfie difference of the dis- 
tances and of the directions is perpetually changing ; 
and if the motion of the satellite be elliptical, the 
cycle of change is long and intricate : on this account 
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alone tlie effects of tlie sun’s action will inevitably 
follow cycles as long and as perplexed as those of the 
positions. But on another account they will be still 
more complicated; for in the ♦'continued action of a 
force, the effect which takes place at first, modifies and 
alters the effect afterwards. The result at any moment 
is the sum of the a'esults in preceding instants : and 
since the terms, in this series of instantaneous effects, 
follow very complex rules, the sums of such series will 
be, it might be expected, uttA’ly incapable of being 
reduced to any manageable degree of simplicity. 

It certainly does not appear that any one but 
Newton could make any impression on this problem, 
or course of problems. No one for sixty years after 
the publication of the Princlpia, and, with Newton’s 
methods, no one n]» to the present day, had added 
anything of any value to his deductions. We know 
that he calculated all the princi[)al lunar inecpialities; 
in many of the easels, he has given us liis ju’ocesses; 
in others, only his results. But who has presentcul, in 
his beautiful geometry, or deduced from his sim]>le 
]>rinciples, any of the inequalities which he left un- 
toxiched'l The ponderous instminent of synthesis, so 
effective in his hands, has never since been grasped by 
one who could use it for such purposes; and we gaze 
at it with admiring curiosity, fis on some gigantic 
implement of war, which stands idle among the memo- 
rials of ancient days, and makes us wonder what 
manner of man he was who could wield as a weapon 
what we can hardly lift as a burden. 

It is not necessary to point out in detail the sagacity 
and skill which mark this part of the Prindpia. The 
mode in which the author obtains the effect of a dis- 
turbing force in ]:)roducing a motion of the apse of an 
elliptical orbit (the ninth Section of the first Book), 
has always been admired for its ingenuity and elegance. 
The general otatement of the nature of the principal 
inequalities produced by the sun in the motion of a 
satellite, given in the sixty-sixth Proposition, is, even 
yet, one of the best explanations of such action; and 
the calculations of the quantity of the effects in the 
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third Book, for instance, the variation of the moon, 
the motion of the nodes and its inequalities, the change 
of inclincUion of the orbit, — are full of beautiful and 
efficacious artifices. Bfit Newton’s inventive faculty 
was exercised to an extent greater than these published 
investigations show. In several cases he has suppressed 
the demonstration of his method, ^and given us the 
result only ; either from haste, or from mere weaiineas, 
which might well overtake one who, while he was 
struggling with facts and numbers, with difficulties of 
conception and practice, was aiming also at tjiat geo- 
metrical elegance of exposition, which he considered 
as alone fit for the public eye. Thus, in stating the 
effect of the eccentricity of the moon’s orbit upon the 
motion of the apogee, he says,**^ ‘ The computations, as 
too intricate and embarrassed with approximations, I 
do not choose to introduce.’ 

The computations of the theoretical motion of the 
moon being thus difficult, and its irregularities nume- 
rous and complex, we may ask, whether Newton’s 
reasoning was sufficient to establish this part of his 
theory; namely, that her actual motions arise from 
her gravitation to the sun. And to this we may reply, 
that it was sufficient for that purpose, — since it showed 
that, from Newton’s hy|)othesis, inequalities must 
result, following the laws which the moon’s inequali- 
ties were known to follow — ^since the amount of the 
inequalities given by the theory agreed yearly with 
the rules which astronomers had collected from obser- 
vation ; — and since, by the very intricacy of the calcu- 
lation, it was rendered probable, that the first results 
might be somewhat inaccurate, and thus miglit give 
rise to the still Remaining differences^ between the cal- 
culations and the facts. A Progression of the Apogee; 
a Regression of the Nodes; and, besides- the Elliptical, 
or first Inequality, an inequality, followmg the law 
of the Evection^ or second inequality discoveffed by 
Ptolemy; another, following tlie law of the Variation 
discovered by Tycho; — ^were pointed out in the first 
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9 Schol. to Prop. 35, first edit. 
K 
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edition of the Prindpia, as the consequences of the 
theory. Moreover, the quantities of these inequalities 
were calculated and compared with observation with 
the utmost confidence, and the agreement in most 
instances was striking. The Variation agreed with 
Halley’s recent observations within a minute of a 
degree.^® The NLean Motion of the Nodes in a year 
agreed within less than one-hundredth of the whole. 
The Equation of the Motion of the Nodes also agreed 
well.^2 The Inclination of the Plane of the Orbit to 
the ecly)tic, and its changes, according to the different 
situations of the nodes, likewise agreed.^^ The Evec- 
tion has been already noticed as encumbered with 
peculiar difficulties : here the accordance was less close. 
The Difference of the daily progress of the Apogee in 
syzygy, and its daily Regress in Quadratures, is, New- 
ton says, ‘ 4-4 minutes by the Tables, 6| by our calcu- 
lation.’ He boldly adds, ‘ I suspect this difference to 
be due to the fault of the Tables.’ In the second 
edition (1711) he added the calculation of several 
other inequalities, as the Annual Equation^ also dis- 
covered by Tycho ; and he compared them with more 
recent observations made by Flamsteed at Greenwich ; 
but even in what has already been stated, it must be 
allowed thaf there is a wonderful accordance of theory 
with phenomena, both being very complex in the rules 
which they educe. 

The saijie theory which gave these Inequalities in 
the motion of the Moon produced by the disturbing 
force of the sun, gave also corresponding Inequalities 
in the motions of the Satellites of other planets, arising 
fromibhe same cause; and likewise pointed out the 
necessary existence of irregularities ih the motions of 
the Planets arising from their mutual attraction. 
Newton gave propositions by which the Irregularities 
of the motion of Jupiter’s moons might be deduced 
from 1;hose of our own and it was shown that the 
motions of their nodes would be slow by theory, as 

^ B. iii. Prop. Sp. Prop. 3 *. prop, 33^ 

Prop. 35. B. i. Prop. 66 . 
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Flamsteed had found it to be by observation. 

Newton did not attempt to calculate the effect of the 
mutual action of the planets, though he observes, that 
in the case of Jupiter *'and Saturn this effect is too 
considerable to be neglected;^® and he notices in the 
second edition,^7 that it follows from the theory of 
gravity, that the aphelia of Merftury, Yen us, the 
Eartli, and Mars, slightly progress. 

In one celebrated instance, indeed, the deviation of 
the theory of the Principia from observation was 
wider, and more difficult to explain ; and as ^Jiis de- 
.viation for a time resisted the analysis of Euler and 
Clairaut, as it had i*esisted the synthesis of Newton, it 
at one period staggered the fmth of mathematicians in 
the exactness of the law of tlie inverse square of the 
distance. I sj)eak of the Motion of the Moon’s Apo- 
gee, a problem which has already been referred to; 
and in which Newton’s method, and all the methods 
which could be devised for some time afterwards, gave 
only half the observed motion ; a circumstance which 
arose, as was discovered by Clairaut in 1750, from the 
insufficiency of the method of approximation. New- 
ton does not attempt to conce^ this discrepancy. 
After calculating what the motion of apse would be, 
upon the assiimption of a disturbing force •f the same 
amount as that which the sun exerts on the moon, he 
simply says,^^ * the apse of the moon moves about 
twice as fast.* • 

The difficulty of doing what Newijon did in this 
branch of the subject, and the powers it must have 
required, may be judged of from w hat has ali’cady been 
stated; — that no one, with his methods, has yet "been 
able to add anytliing to his labours : few have under- 
taken to illustrate what he has written, and no great 
number have understood it throughout. The extreme 
complication of the forces, and of the conditions under 


B. iii. Prop, 7 , 1 . There is readbn to believe, how- 

B. iii. Prop. 1 3. ever, that Newton had, in his nn- 

Scholium to Prop. 14. B. iii. published calculations, rectiiicd 
B. i. Prop. 44, second edit, this discrepancy. 
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which they act, makes the subject by far the most 
thorny walk of mathematics. It is necessary to resolve 
the action into many elements, such as can be sepa- 
rated; to invent artifices for dealing with each of 
these ; and then to recompound the laws thus obtained 
into one common conception. The moon’s motion 
cannot be conceiifed without comprehending a scheme 
more complex than the Ptolemaic epicycles and eccen- 
trics in their worst form ; and the component parts of 
the system are not, in this instance, mere geometrical 
ideas, requiring only a distinct apprehension of rela- 
tions of space in order to hold them securely; they are • 
the foundations of mechanical notions, and require to 
be grasped so that we can apply to them sound mecha- 
nical reasonings. Newton’s successors, in the next 
generation, abandoned the hope of imitatiiig him in 
this intense mental eflTort; they gave the subject over 
to the operation of algebraical reasoning, in which 
symbols think for us, without our dwelling constantly 
upon their meaning, and obtain for us the consequences 
which result from the relations of space and the laws 
of force, however complicated be the conditions under 
which they are combined. Even Newton’s country- 
men, though they were long before they a}>plied them- 
selves to the method thu^ opposed to his, did not pro- 
duce anything which showed that they had mastered, 
or could retrace, the Newtonian investigations. 

Thus the Problem of Three Bodies, treated geome- 
trically, belongs exclusively to Newton ; and the proofs 
of the mutual action of the sun, planets and satellites, 
which depend upon such reasoning, could not be dis- 
covered by any one but him. 

But we have not yet done with "his achievements 
on this subject; for some of the most remarkable and 
beautiful of the reasonings wljich he connected with 
this .problem, belong to the next step of his generali- 
zation. * 

5. Mutual Aitraction of all Particles of Matter . — 

w See the history of the Prcbkm of Three Bodies, ante, in Book vi. 
Chap. vi. Sect. 7. 
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That all the j)arts of the universe are drawn and held 
together by love, or harmony, or some affection to 
which, among other names, that of attraction may 
have been given, is an Sssertion which may very pos- 
sibly have been made at various times, by speculators 
writing at random, and taking their chance of meaning 
and truth. The authors of such casual dogmas have 
generally nothing accurate or substantial, either in 
their conception of the general proposition, or in their 
reference to examples of it; and therefore their doc- 
trines are no concern of ours at present. Bui^among 
those who were really the first to think of the mutual 
attraction of matter, we cannot help noticing Francis 
Bacon ; for his notions were so far from being charge- 
able with the looseness and indistinctness to which we 
have alluded, that lie proposed an experiment'-^® which 
was t-o decide whether the facts were so or not; — 
whether the gravity of bodies to the earth arose from 
an attraction of the jiaHs of matter towards each other, 
or was a tendency towards the center of the earth. 
And this ex])eriinent is, even to this day, one of the 
best which can be devised, in order to exhibit the 
universal gravitation of matter: it consists in the 
comparison of the rate of going of a clock in a deep 
mine, and on a high place. Huyghens, his book 
De Causd Gravitatisy published in 1690, showed that 
the earth would have an oblate form, in consequence 
of the action of the centrifugal force ; but kis reason- 
ing does not supjiose gravity to arise finm the mutual 
attraction of the ])arts of the earth. The apparent 
influence of the moon upon the tides had long been 
reiuarked ; but no one had made any progi*ess in i,ru\j 
explaining the nSechanism of this inftiieiice; and all 
the analogies to which reference had been made, on 
this and similar subjects, as magnetic and other 
attractions, were rather delusive than illustrative, 
since tliey represented the attraction as something* 
peculiar in particular bodies, depending upon the 
nature of each body. 


^ Nov, Ory. Lib. ii. Apli. 35. 
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That all such forces, cosmical and terrestrial, were 
the same single force, and that this was noOiing more 
than the insensible attraction which subsists between 
one stone and another, was a* conception equally bold 
and grand; and would have been an incomj)rehensible 
thought, if the views which we have already explained 
had not prepared <t;lie mind for it. But the preceding 
steps having disclosed, between all the boditjs of the 
universe, foi’ces of the same kind ixa those which pro- 
duce the weight of bodies at the eai*th, and, therefore, 
such as^ exist in every j)ariicle of terrestrial matttjr; 
it became an obvious question, whether such forces 
did not also belong to all particles of planebiiy matter, 
and whether this was not, in fact, the whole account 
of the forces of the solar system. But, supposing this 
conjecture to be thus suggested, how formidable, on 
first aj)peai*ance at least, was the undei'taking of veri- 
fying it ! For if this be so, every finite mass of matter 
exerts forces which are the result of the infinit(dy 
numerous forces of its luiriicles, these forces acting in 
different directions. It does not aj^pem*, at first sight, 
that the law by which the forc(‘. is related to the dis- 
tance, will be the same for the ])articles as it is for the 
masses; and, in reality, it is not so, except in special 
cases. Aipl, again, in the instance of any effect ])ro- 
duced by the force of a body, liow are we to know 
whether tlie force resides in the wliole mass as a unit, 
or in thp se])arate pariicles? We may reason, as 
Newton does,”^ that the rule which proves gravity to 
belong universally to the plam^ts, jiroves it also to 
belong to their ])arts ; but the mind will not be satis- 
fied with this extension of the rule, except we can find 
decisive instances, and calculate the effects of both 
suppositions, under the appropriate conditions. Ac- 
cordingly, Newton had to solve a new series of pro- 
blems suggested by this inquiry; and this he did. 

• These solutions are no less remarkable for the ma- 
thematical power which they exliibit, than the other 
parts of the Frinciiyla, The propositions in which it 
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is shown that the law of the inverse square for the 
particles gives the same law for spherical masses, liave 
that kind of beauty which might well have justified 
their being published f5r their mathematical elegance 
alone, even if they had not applied to any real case. 
Great ingenuity is also ernjdoycd in other instates, 
as in the case of spheroids of small eccentricity. And 
when the amount of the inc^chanical action of masses 
of various forms has thus been assigned, the sagacity 
shown in tracing the results of such action in the solar 
system is truly admirable; not only the general^ nature 
of the effect being pointed out, but its quantity calcu- 
lated. I speak in ])articular of the reasonings con- 
cerning the Figure of the Earth, the Tides, the Pre- 
cession of the Equinoxes, the Regression of the Nodes 
of a ring such as Saturn’s; and of some effects which, 
at that time, had not been ascerhiined even as facts of 
observation ; for instance, the difference of gravity in 
different latitudes, and the Nutation of the earth’s 
axis. It is true, that in most of these cases, Newton’s 
])rocess could be considered only as a rude approxima- 
tion. In one (th<i Precession) lu^ committed an errour, 
and in all, his ineaiis of calculation were insufficient. 
Indeed these are much more difficult investigations 
than the Problem of Three Bodies, in three 

])oints act on each other by explicit laws. Up to this 
day, tile resourc(‘s of modern analysis have been em- 
liloyed u])on some of them with very ])arti|l success; 
and the facts, in all of them, reqTiired to be accurately 
ascertained and measured, a process which is not com- 
])leted even now. Nevei-theless the form and nature 
of the conclusions which Newton did obtain, wer^ such 
as to inspire a slJl'ong confidence in tl:|^ com])etency of 
his theory to exjilain all such phenomena iis have been 
spoken of. We shall afterwards have teJ sjiealc of the 
labours, ixndertaken in order to examine the pheno- 
mena more exactly, to which ^the theoiy gave*occa^ 
sion. 

Thus, then, the theory of the universal mutual gra- 
vitation of all the particles of matter, according to the 
law of the inverse squai*e of the distances, was con- 
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ceived, its consequences calculated, and its results 
shown to agree with phenomena. It was found that 
this theory took up all the facts of astronomy as far as 
they had hitherto been ascertained ; while it pointed 
out an interminable vista of new facts, too minute or 
too%omplex for observation alone to disentangle, but 
capable of being *detected when theory had pointed 
out their laws, and of being used as criteria or con- 
firmations of the truth of the doctrine. For the same 
reasoning which explained the evection, variation, and 
annual equation of the moon, showed that there must 
be many other inequalities besides these ; since these 
resulted from approximate methods of calculation, in 
which small quantities were neglected. And it was 
known that, in fact, the inequalities hitherto detected 
by astronomers did not give the place of the moon 
with satisfactory accuracy ; so that there was room, 
among these hitherto untractable irregularities, for the 
additional results of the theory. To work out this 
comparison was the employment of the succeeding 
century ; but Newton began it. Thus, at tlie end of 
the proposition in which he asserts,^^ that ‘all the 
lunar motions and their irregularities follow from the 
principles here stated,’ he makes the observation which 
wehavejii^t made; and gives, as examjdes, the dif- 
ferent motions of the apogee and nodes, the difterence 
of the change of the eccentricity, and the diflei*ence 
of the union’s variation, according to the different 
distances of the sun. ‘ But this inequality,’ he says, 

‘ in astronomical calculations; is usTially referred to 
the prosthaphseresis of the moon, and confounded 
with it.’ 

Reflections on tlie Discovery. — Su6h, then, is the 
great I^wtonian Induction of Universal Gravitation, 
and such its history. It is indisputably and incom- 
parably the greatest scientific discovery ever made, 
whether we look at the advance w'hich it involved, the 
extent of the truth disclosed, or the fundamental and 
satisfactory nature of this truth. As to the first point, 
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we may observe that any one of the five steps into 
whicli we have separated the doctrine, would, of itself, 
have been considered as an important advance ; — ^would 
have conferred distinction on the persons who made it, 
and the time to which it belonged. All the five steps 
made at once, formed not a leap, but a flight, — not an 
improvement merely, but a metamoi'phosis, — not an 
e])Och, but a termination. Astronomy passed at once 
from its boyhood to mature manhood. Again, with 
regard to tho extent of the truth, we obtain as wide a 
generalization as our physical knowledge admits, when 
we learn that every i)articlc of matter, in 5ll times, 
places, and circumstances, attmets every other pai*ticle 
in the universe by one common law of action. And 
by saying that the truth was of a fundamental and 
satisfactory nature, I mean that it assigned, not a rule 
merely, but a cause, for tlie heavenly motions; and 
that kind of cause which most eminently and peculiarly 
we distinctly and thoroughly conceive, namely, mecha- 
nical force. Kepler’s laws were merely formal rules, 
governing the celestial motions according to the re- 
lations of space, time, and number; Newton’s was a 
causal law, referring these motions to mechanical 
reasons. It is no doubt conceivabhi that future dis- 
coveries may both extend and further explain Newton’s 
doctrines ; — may make gravitation a case of some wider 
law, and may disclose something of the mode in which 
it operates; questions with which Ne’s^toii himself 
struggled. But, in the mean time, few j)ersons will 
dispute, that l)oth in generality and profundity, both 
in width and depth, Newton’s theory is altogether 
without a rival or neighbour. 


23 The value and nature of this ton’s discoveties. ‘Kepler,’ says 
step have long been generally ac- a celebrated German metaphy- 
knowledged wherever science is sician,'’' ‘discovered the laws of 
cultivated. Yet it would appear fjjtte motion ; % discovery of iin- 
that there is, in one part of Europe, mortal glory. It has since been 
a school of philosophers w ho con- the fashion to say that Newton 
test the merit of this part of New- first found^out the proof of these 

* Hegel, Encyclopedia^ § z7o. 
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The requisite conditions of such a discovery in the 
mind of its author were, in this as in other cases, the 
idea, and its comparison with facts ; — ^the conception of 
the law, and the moulding this conception in such a 
form as to correspond with known realities. The idea 
of mechanical force as the cause of the celestial 
motions, had, as w<e have seen, been for some time 
growing up in men s minds ; — had gone on becoming 
more distinct and more genei*al; and had, in some 
persons, approached the form in which it was enter- 
tained by Newton. Still, in the mere concei>tion of 
universal gravitation, Newton must have gone far 
beyond his predecessors and contemporaries, both in 
generality and distinctness; and in the inventiveness 
and sagacity with which he traced the consequences of 
this conception, he was, as we have shown, without a 
rival, and almost without a second. As to the facts 
which he had to include in his law, they had been 
accumulating from the very birth of astronomy ; but 
those which he had more peculiarly to take hold oi^ 
were the facts of the planetary motions as given by 
Kepler, and those of the moon’s motions as given by 
Tycho Brahe and Jertany Horrox. 

We find here occasion to make a remark which is 
important in its bearing on the nature of progressive 
science. What Newton thus used and referrtid to as 
factS) were the lawn which his pred(icessors had esta- 

rules. It has seldom happcMicd conception whicli made the transi- 
that the glory of the first dis- tion from Kepler to Newton pos- 
coverer has been more unjustly sible, are extraneous to the domain 
transferred to another person.’ It of his philosophy. Even this au- 
may appear strange that any one thor, however, I understand him 
in the present day should hold rightly, recognizes Newton as the 
such language ; but if we examine author of the doctrine of Tertur- 
the reasons which this author batiuns.* 

gives, thej^ will be found, I think, I have given a further account 
to fimount to this ;*\hat his mind of these views, in a Memoir On 
is in the condition in which Kep- Hegel's Criticism of Newton's Prin~ 
ler’s was ; and that the whole range cipia. Cambridge Transactions, 
of mechanical Ideas and modes of 
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blislied. What Kepler and Horrox had put forth as 
‘ theories,’ were now establislied truths, fit to be used 
in the construction of other theories. It is in this 
manner that one theory is built upon another; — ^that 
we rise from particulars to generals, and from one 
generalization to another; — that we have, in short, 
successive steps of induction, ^.As Newton’s laws 
assumed Kepler’s, Kepler’s laws assumed as facts the 
results of the planetary theory of Ptolemy; and thus 
the theories of each generation in the scientitic world 
are (when tlioroughly verified and established) the 
facts of the next generation. Newton’s tlieAy is the 
circle of generaliziition which includes all the others ; 
— the highest point of the inductive ascent; — the 
catastrophe of the jdiilosojdiic drama to which Plato 
had prologized; — the point to which men’s minds had 
been journeying for two thousand years. 

Character of Newton , — It is not easy to anatomize 
the constitution and the o])erations of the mind which 
makes such an advance in knowledge. Yet we may 
observe that there must exist in it, in an eminent 
degree, the elemejits which compose the mathematical 
talent. It must ])Os.sess distinctness of intuition, 
tenacity and facility in tracing logical connexion, fiu- 
tility of invention, and a strong tendency to generidi- 
zation. It is easy to discover indicafions of these 
characteristics in Newttm. The distinctness of his 
intuitions of space, and we liiny add of force also, was 
seen in the amusements of his youth; in his con- 
structing clocks and mills, carts and dials, as well as 
the facility with which he mastered geometry. This 
fondness for handicraft em})loyments, and for making 
models and nftiehines, apj)ears to be a common prelude 
of excellence in physical science probably on this 
very account, that it aris(‘s from the distinctness of 
intuitive power wfth which the child conceives the 
sha})es and the working of such matei'i^r combinations. 
Newton’s inventiye j)ower appears in the number and 

As iii Galileo, Hooke, Iluyghensi and others. 
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variety of the mathematical artifices and combinations 
which he devised, and of which his books are full. If 
we conceive the operation of the inventive faculty in 
the only way in which it appears possible to conceive 
it ; — ^that while some hidden source supplies a ray)id 
stream of possible suggestions, the mind is on the 
watch to seize and detain any one of these which will 
suit the case in hand, allowing the rest to pass by and 
be forgotten ; — we shall see what extraordinary fertility 
of mind is im]ilied by so many successful efforts ; what 
an innumerable host of thoughts must have been pro- 
duced, to' supply so many that deserved to be selected. 
And since the selection is performed by tracing the 
consequences of each suggestion, so as to compare them 
wuth the requisite conditions, we see also what rapidity 
and certainty in drawing conclusions the mind must 
possess as a talent, and what watchfulness and patience 
as a habit. 

The hidden fountain of our unbidden thoughts is 
for us a mystery ; and we have, in our consciousness, 
no standard by which we can measure our own talents ; 
but our acts and habits are something of which we are 
conscious; and we can understand, therefore, how it 
was that Newton could not admit that there was any 
difference between himself and other men, except in 
his possession of such habits as we have mentioned, 
perseverance and vigilance. When he was asked how 
he made his discoveries, he answered, ‘ by always 
thinking about them;’ and at another time he declared 
that if he had done anything, it was due to nothing 
but industry and patient thought : ‘ I keej) the subject 
of my inquiry constantly before me, and wait till the 
first dawning opens gradually, by little ^id little, into 
a full and clear light.’ No better account can l)e given 
of the nature of the mental effort which gives to the 
philosopher the full benefit of his powers; but the 
natural powers ^of men’s minds are not on that account 
the less different. There are many who might wait 
through ages of daiicness without being visited by any 
dawn. , 

The habit to which Newton thus, in some sense, 
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owed his discoveries, this constant attention to the 
rising thought, and development of its results in every 
direction, necessarily engaged and absorbed his spirit, 
and made him inattCntive and almost insensible to 
external impressions and common impulses. The 
stories which are told of his extreme absence of mind, 
probably refer to the two years during which he was 
composing his Princi'pia^ and thus following out a train 
of reasoning the most fertile, the most complex, and 
the most important, which any philosoj)her had ever 
had to deal with. The magnificent and striking ques- 
tions which, during this period, he must liave had 
daily rising before him ; the perpetual succession of 
difficult problems of which the solution was necessary 
to his great object; may well have entirely occupied 
and possessed him. * He existed only to calculate and 
to think. *25 Often, lost in meditation, he knew not 
what he did, and his mind appeared to have quite for- 
gotten its connexion with the body. His servant 
reported that, in rising in a morning, he frequently sat 
a large portion of the day, half-dressed, on the side of 
his bed ; and that his meals waited on the table for 
houfs before he came to take them. Even with his 
transcendent powers, to do what he did, was almost 
irreconcileable with the common conditions of human 
life; and required the utmost devotion of thought, 
energy of effort, and steadiness of will, — the strongest 
character, as well as the highest endow:gients, which 
belong to man. 

Newton has been so universally considered as the 
greatest example of a natural philosopher, that his 
moral qualities, as well as his intellect, have been 
referred to asf models of the philosophical character; 
and those who love to think that great talents are 
naturally associated with virtue, have always dwelt 
with pleasure upon* the views given of Newton by his 
contemporaries; for they have uniforiiily represented 
him as candid and humble, mild and good. We may 
take as an example of the impressions prevalent about 


36 Biot. 
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him in his own time, the expressions of Thomson, in 
the Poem on his Death. 

Say ye who best can tell, ye happy few, 

Who saw him in the softest lights of life, 

All nnwithheld, indulging to his friends 
The vast unborrowed treasures of his mind, 

Oh, speak the jjvondrous man ! how mild, how calm. 

How greatly humble, how divinely good. 

How ftrm established on eternal truth ! 

Fervent in doing well, with every nerve 
Still pressing on, forgetful of the past, 

And panting for perfection ; far above 
T5iose little cares and visionary joys 
That so perplex the fond impassioned heart 
Of ever-cheated, ever-trusting man. 

[2nd Ed.] [In the first edition of the Prindjna, 
published in 1687, Newton showed that the nature of 
all the then known inequalities of the moon, and in 
some cases their quantities, might be deduced from the 
princiides which he laid down : but the determination 
of the amount and law of most of the inequalities 
was deferred to a more favourable opportunity, when 
he might be furnished with better astronomical ob- 
servations. Such observations as he needed for# this 
purpose had been made by Flamsteed, and for these he 
applied, representing how much value their use would 
add to the observations. ‘If,’ he says, in 1694, ‘you 
publish them without such a theory to recommend 
them, they will only be thrown into the heap of the 
observations'^ of former astronomers, till somebody shall 
arise that by perfecting the theory of the moon shall 
discover your observations to be exacter than the rest ; 

^ In the same straifi wc find the complaints of Flamsteed, who 
the general voice of the time. For ascribes to Newton angry language 
instance, one of Loggan’s * Views and harsh conduct in the matter 
of Cambridge ’is dedicated *Isaaco of the plUblication of the Green- 
Newtono «. Mathenjiatico, Thysico, wich Observations, and of Whiston. 
Chymico consummatissimo ; nee Yet even Flamsteed speaks well 
minus suavitate morum at candom of his general disposition. Whiston 
animi . . . spectabili.* was himself so weak and prejudiced 

In opposition to the general cur- that his testimony is worth very 
rent of such testimony, we have little. 
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but wben that shall be, God knows : I fear, not in 
your lifetime, if I should die before it is done. For 
I find this theory so very intricate, and the theory of 
gravity so necessary te^ it, that I am satisfied it will 
never be perfected but by somebody who understands 
the theory of gravity as well, or better than I do.’ 
He obtained from Flamsteed the^ lunar observations 
for which he applied, and by using these he framed 
the Theory of the Moon which is given as his in David 
Gregory’s Astronomiae, ElementaP-'^ He also obtained 
from Flamsteed the diameters of the planets as observed 
at various times, and the greatest elongations^of Jupi- 
ter’s Satellites, both of which, Flamsteed says, he made 
use of in his Frincipia. 

Newton, in his letters to Flamsteed in 1694 and 5, 
acknowledges this service.^] 

27 In the Preface to a Treatise observations, now generally under- 

on jyynamicsy Part i., published stood, were not then known to 
in 1 8 35, I have endeavoured to astronomers in general, though 
show that Newton’s modes of de- well known to Flamsteed, and 
terminiug several of the lunar in- earnestly insisted upon in his re- 
equalities admitted of an accuracy monstrances. The result was that 
not very inferior to the modem Flamsteed published his Observa- 
analytical methods. tions at his own expense, and 

28 The quarrel on the subject of finally obtained j^rmission to de- 
the publication of Flamsteed’s Ob- stroy the copies printed by Halley, 
servations took place at a later which he did. In i 7 a 5 , after 
period. Flamsteed wished to have Flamsteed’s death^ his widow ap- 
his Observations printed complete plied to the Vice-Chancellor of 
and entire. Halley, who, under Oxford,requesting that the volume 
the authority of Newton and printed by Halley might be re- 
others, had the management of moved out of the Bodleian Library, 
the printing, made many altera- where it exists, as being ‘ nothing 
tions and omissions, which Flam- more tliangan erroneous abridge- 
steed considered as deforming and ment of Mr. Flamsteed’s works,’ 
spoiling the work. The advantages and unfit to seb the light. 

of publishing a complete elries of 
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CHAPTER ni. 

Sequel to the Epoch op Newton. — Reception of 

THE J^'eWTONIAN ThEORY. 


Sect. I. — General Remarks. 

T he 'doctrine of universal gravitation, like other 
great steps in science, required a certain time to 
make its way into men’s minds ; and had to be con- 
firmed, illustrated, and completed, by the laboui’s of 
succeeding philosophers. As the discovery itself was 
great beyond former example, the features of the 
natural sequel to the discovery were also on a gigantic 
scale ; and many vast and laborious trains of research, 
each of which might, in itself, be considered as forming 
a wide science, and several of which have occupied 
many profound and zealous inquirers from that time 
to our own day, come before us as parts only of the 
verification of Newton’s theory. Almost everything 
that has been done, and is doing, in astronomy, falls 
inevitably under this description; and it is only when 
the astronomer travels to the very limits of his vast 
field of labour, that he falls in with phenomena which 
do not acknowledge the juidsdiction of the Newtonian 
legislation. We must give some account of the events 
of this part of the history of astronomy; but our 
narrative must necessarily be extremely brief and 
imperfect; for the subject is most lai^e and copious, 
and our limits are fixed and narrow. We have here 
to do with the history of discoveries, only so far as it 
illustrates their philosophy. And though the astrono- 
luical discoveries of the last century are by no means 
poor, even in interest of this kind, the generalizations 
which they involve are far less important for our object, 
in consequence of being included in a previous gene- 
ralization. Newton shines out so brightly, that all 
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who follow seem faint and dim. It is not precisely 
the case which the poet describes ; 

As in a theatre the«eyes of men, 

After some well-graced actor leaves the stage, 

Are idly bent on him that enters next, 

Thinking his prattle to be tedious : 

c 

hut our eyes are at least less intently bent on the 
astronomers who succeeded, and we attend to their 
communications with less curiosity, because we know 
the end, if not the course, of their story; we know 
that their speeches have all closed with Wewton’s 
sublime declaration, asserted in some new form. 

Still, however, the account of the verification and 
extension of any great discovery, is a highly-importaiit 
part of its history. In this iiistiince it is most impor- 
tant ; both from the weight and dignity of the theory 
concerned, and the ingenuity and extent of the methods 
employed : and, of course, so long as the Newtonian 
theory still required verification, the question of the 
truth or falsehood of such a grand system of doctrines 
could not but e^tcite tlie most intense curiosity. In 
what I have said, I am very far from wishing to depre- 
ciate the value of the achievements of modern astro- 
nomers, but it is essential to my purpose to mark the 
subordination of narrower to wider trutlfs, — the dif- 
ferent character and import of the labours of those 
who come before and after the promulgation of a 
master-truth. With this warning I now proceed to 
my narrative. 

Sect 2 . — Reception of the Newtonian Theory in 
England, 

There appears to be a popular persuasion that great 
discoveries are usually received with a prejudiced and 
contentious opposition, and the authors of .thcni 
neglected or persecuted. Tho reverse *of this was 
certainly the case in England with jegard to the dis- 
coveries of Newton. As we have already seen, even 
before they were published, they were* proclaimed by 
Halley to be something of transcendent value and 

VOL, II. L 
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from the moment of their appearance, they rapidly 
Inade their way from one class of thinkers to another, 
nearly as fast as the nature of ^men’s intellectual capa- 
city allows. Halley, Wren, and all the leading mem- 
bers of the Royal Society, api)ear to have embraced 
the system immediately and zealously. Men whose 
pursuits had lain rather in literature than in science, 
and who had not the knowledge and habits of mind 
which the strict study of the* system required, adopted, 
on the credit of their mathematical friends, the highest 
estimation of the Principiay and a strong regard for 
its author, as Evelyn, Locke, and Pepys. Only five 
years after the publication, the })rinciples of the work 
were referred to from the pulpit, as so incontestably 
proved that they might be made the basis of a theolo- 
gical argument. This was done by Dr. Bentley, when 
he preached the Boyle’s Lectures in London, in 1692. 
Newton himself, from the time when Ids work aj)peared, 
is never mentioned except in terms of ju'ofound admi- 
ration ; as, for instance, when he is called by Dr. 
Bentley, in his sermon,^ ‘That very excellent and 
divine theorist, Mr. Isaac Newton.’ It appears to 
have been soon suggested, that the Government ought 
to provide in some way for a person who was so great 
an honour to the nation. Some delay took place with 
regard to this ; but, in 1695' friend Mr. Montague, 
afterwards Earl of Halifax, at that time Chancellor of 
the Exchequer, made him Warden of the Mint ; and, 
in 1699, he succeeded to the higher office of Master of 
the Mint, a situation worth 1200I. or 1500/. a year, 
which he filled to the end of his life. In 1703, he 
became President of the Royal Society, and was 
annually re-elected f^o this office during the remaining 
twenty-five years of his life. In 1 7 05, he was knighted 
in the Master’s Lodge, at Trinity College, by Queen 
Anne, then on a visit to the university of Cambridge. 
After the accession of George the First, Newton’s 
conversation was» frequently sought by the Princess, 
afterwards Queen Caroline, who had a taste for specu- 


^ Serm. vii. 2a 1 . 
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lative studies, and was often heard to declare in public, 
that she thought herself fortunate in living at a time 
which 'enabled her to §njoy the society of so great a 
genius. His fame, and the respect paid him, went on 
increasing to the end of his life; and when, in 1727, 
full of years and glory, his earthly career was ended, 
his death was mourned as a national calamity, with 
the forms usually confined to royalty. His body lay 
in state in the J erusalem chamber ; his pall was borne 
by the first nobles of the land; and his earthly remains 
were deposited in the center of Westminster*Abbey, 
in the midst of the memorials of the greatest and 
wisest men whom England has produced. 

It cannot be superfluous to say a word or two on 
the reception of his jihilosojdiy in the universities of 
England. These are often represented as places where 
bigotry and ignorance resist, as long as it is possible to 
resist, the invasion of new truths. We cannot doubt 
that such opinions have prevailed extensively, when 
we find an intelligent and generally temperate writer, 
like the late Professor Playfair of Edinburgh, so far 
])Ossessed l)y them, as to be inca])able of seeing, or 
interjjreting, in any other way, any facts respecting 
Oxford and Cambridge. Yet, notwithstanding these 
opinions, it will be found that, in the Engfish univer- 
sities, new views, whether in science or in other sub- 
jects, have been introduced as soon as they were clearly 
established; — that they have been diffused* from the 
few to the many more rapidly there than elsewhere 
occurs; — and that from these points, the light of 
newly-discovered truths has most usually spread over 
the land. In njpst instances undoubtedly there has 
been something of a struggle on such occasions, be- 
tween the old and the new opinions. • Few men s 
minds can at once shajee off a familiar and consistent 
system of doctrines, and adopt a novel and strange set . 
of principles as soon as presented : but all can see that 
one change produces many, and that ihange, in itself, 
is a source of inconvenience and danger. In the case 
of the admission of the Newtonian opinions into Cam- 
bridge and Oxford, however, there are no traces even 
L 2 
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of a struggle. Cartesianism Lad never struck its roots 
deep in this country ; that is, the peculiar hypotheses 
of Descartes. The Cartesian books, such, for instance, 
as that of Hohault, were indeed in use ; and with good 
reason ; for they contained hy far the best treatises on 
most of the physical sciences, such as Mechanics, Hy- 
drostatics, Optics, and Formal Astronomy, which could 
then be found. But I do not conceive that the Vor- 
tices were ever dwelt upon as a matter of importance 
in our academic teaching. At any rate, if they were 
brought among us, they were soon dissipated. Newton’s 
College, and his University, exulted in his fame, and 
did their utmost to honour and aid him. He was 
exempted by the king from the obligation of taking 
orders, under which the fellows of Trinity College in 
general arc ; by his college he was relieved from all 
offices which might interfere, however slightly, with 
his studious emjiloyments, thougli he resided within 
the walls of the society thirty-live years, almost with- 
out the interruption of a montli.^ By the University 
he was elected their representative in pai'liament in 
1688, and again in 1701 ; and though he was rejected 
in the dissolution in 1705, those who opposed him 
acknowledged him^ to be ^the glory of the University 
and nation,* but considered the question as a political 
one, and Newton as sent Ho tempt them from their 
duty, by the great and just veneiiition they had for 
him.’ Instruments and other memorials, valued because 
they belonged to him, are still preserved in his college, 
along with the tradition of the chambers which lie 
occupied. 

The most active and powerful minds at Cambridge 
became at onc^ disciples and followers of Newton. 
Samuel Clarke, afterwards his friend, defended in the 
public schools a thesis taken frpm his philosophy, as 

* His name iS nowhere foiyid on sian Professor. The constancy of 
the college-books, as appointed to his residence in college appears 
any ofthe offices whick usually pass from the exit and redit book of 
down the list of resident fellows in that time, which is still preserved . 
rotation. This might be owing in 3 ^ pamphlet by Styan Thurlby. 
part, however, to his being Luca- 
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early as 1694; and in 1697 published an edition of 
Ptoliault’s Physics, with notes, in which Newton is 
frequently referred to with expressions of profound 
respect, though the leading doctrines of the Prlncipia 
are not introduced till a later edition, in 1703. In 
1699, Bentley, whom we have already mentioned as a 
Newtonian, became Master of Trintty College; and in 
the same year, Wliiston, another of Newton’s disciples, 
was aj)pointod his deputy as ju'ofessor of mathematics. 
Whiston delivered the Newtonian doctrines, both from 
the professor’s chair, and in works wi*itten for^the use 
of the University; yet it is remarkable that a taunt 
respecting the late introduction of the Newtonian 
system into the Cambridge course of education, has 
been founded on some peevish expressions which he 
uses in his Memoirs, written at a })eriod when, having 
incurred exindsion from his ])rofessorship and the 
University, he was naturally querulous and jaundiced 
in his views. In 1709-10, Dr. Laughton, who was 
tutor in Clare Hall, procured himself to be aj)pointed 
moderator of the University disputations, in order to 
])romote the diffusion of the new mathematical doc- 
trines. By this time the first edition of the Principia 
Wtos become rare, and fetched a great price. Bentley 
urged Newton to jmblish a new one ; and Cotes, by far 
the first, at that time, of the mathematicians of Cam- 
bridge, undertook to superintend the })rinting, and the 
edition was accordingly jmblished in 1713. • 

[2nd Ed.] [I })crceive that my accomplished German 
translator, Littrow, has incautiously copied the insinua- 
tions of some modern writers to the effect that Clarke’s 
reference to Newton, in his Edition of Rohault’s 
Physics, was a mode of introducing Newtonian doc- 
trines covertly, when it was not allowed him to intro- 
duce such novelties openly. I am quite sure that any 
one who looks into this matter will see that this sup- 
position of any unwillingness at Cambridge to receive* 
Newton’s doctrine is quite absurd,^ and can prove 
nothing but the intense prejudices of those who main- 
tain such an opinion. Newton received and held his 
professorship amid the unexampled admiration of all 
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contemporary members of the University. Whiston, 
who is sometimes brought as an evidence against Cam- 
bridge on this point, says, I with immense pains set 
myself with the utmost zeal td the study of Sir Isaac 
Newton’s wonderful discoveries in his rhilosophicR 
Naturalis Principia Matlmnatica. one or two of which 
lectures I had heatd him read in the puhlick schools, 
though I understood them not at the time.’ As to 
Eohault’s Physicsj it really did contain the best nnicha- 
nical pliiloso})Iiy of the time; — the doctrines which 
were hejd by Descartes in common with Galileo, «and 
with all the sound mathematicians who succeeded them. 
Nor does it look like any great antipathy to novelty 
in the University of Cambridge, that this book, which 
was quite as novel in its doctrines as New ton’s Prin- 
cipia, and which had only been }>ublished at Paris in 
1671, had obtained a firm hold on the University in 
less than twenty years. Nor is there any attemjit 
made in Clarke’s notes to conceal the novelty of New- 
ton’s discoveries, but on the contrary, admii'ation is 
claimed for them as new. 

The promptitude with which the Mathematicians of 
the University of Cambridge adopted the best parts of 
the mechanical ])hilosophy of Descartes, and the grt'ater 
philosophy /)f Newton, in the seventeenth century, 
has been paralleled in our own times, in the prompti- 
tude with which they liave adopted and followi^d into 
their consequences the Mathematical Theory of Heat 
of Fourier and La])lace, and the Undulatory Theory of 
Light of Young and Fresnel. 

In Newton’s College, we possess, besides the memo- 
rials of him mentioned above (which include two 
locks of his silvey-white hail), a paper in his own hand- 
writing, describing the jirejiaratory reading which was 
necessary in order that our Colleg;c students might be 
able to rea^the Principia. I have printed this paper 
in the*Prefacf5 to my ^l^^^lition of the First Three Sec- 
tions of the Principia in the original Latin (1846). 

Bentley, who had expressed his admiration for New- 
ton in his Boyle^s Lectures in 1692, was made Master 
of the College in 1699, as I have stated; and partly, 
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no doubt, in consequence of the Newtonian sermons 
which he had preached. In his administration of the 
College, he zealously stimulated and assisted the exer- 
tions of Cotes, Whiston> and other disciples of Newton. 
Smith, Bentley’s successor as Master of the College, 
erected a statue of Newton in the College Chapel (a 
noble work of Roubiliac), with the inscription, Qui 
genus humanum ingenio mjyeravit.^ 

At Oxford, David Gregory and Halley, l)oth zealous 
and distinguished disciples of Newton, obtained the 
Savilian })rofessorships of astronomy and geometry in 
1691 and 1703. 

David Gregory’s Aslronoimm Phgsicee et Geometriem 
Elementa issued from the Oxford Press in 1702. The 
author, in the first sentence of the Preface, states his 
object to be to explain the mechanics of the universe 
(I*hysica CcelestLs), which Tsmic Newton, the Prince 
of Geometers, has carried to a jx^intof elevation which 
all look up to with admiration. And this design is 
executed by a full exposition of the Newtonian doc- 
trines and their results, Keill, a p\ipil of Gregory, 
followed his tutor to Oxford, and taught the Newtonian 
})hilosopliy there in 1700, being then Deputy Sedleian 
Professor. He illustrated his lectures byexj)eriments, 
and published an Introduction to the rrineijna which 
is not out of use even yet. 

In Scotland, the Newtonian philosojdiy w^as accepted 
with great alacrity, as ai)pears by the iy stances of 
David Gregory, and Keill. David Gregory was pro- 
fessor at Edinburgh before he removed to Oxford, and 
was succeeded there by his brother James. The latter 
had, as early as 1690, printc^d a thesis containing, in 
twenty- two propositions, a compend of Newton’s Frin- 
ciinaA Probably these were intenefed as theses for 

^ See Hutton’s Maih. Diet., art. of the best boolis on the subject. 
James Gregory, If it fell in The late Profesfor Kigaud’s 
with my plan to notice deriva- toriZal Essay on the First Publica'^ 
live works, I might speak of tion of Sir^Isaac Newton's ^Prin- 
Maclaurin’s admirable Account of c/pwi’(Oxf. 18 38) contains a careful 
Sir Isaac Newton's Discoveries, and candid View of the circum- 

lished in 1 748. This is still one stances of that event. 
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academical disputations ; as Laughton at Cambridge 
introduced the Newtonian phi]osoy)hy into these exer- 
cises. The formula at Cambridge, in use till very 
recently in these disputations, was ‘ Recte statuit New- 
tonus de Motu Lunm; or the like. 

The general diffusion of these opinions in England 
took place, not only by means of books, but through 
the labours of various experimental lecturers, like 
Desaguliers, who removed from Oxford to London in 
1713; when he informs us,^ that ‘ he found the New- 
tonian philosophy generally received among persons of 
all ranks and professions, and even among the ladies by 
the help of experiments.’ 

We might easily trace in our liteniture indications 
of the gradiml progress of the Newtonian doctrines. 
For instance, in the earlier editions of Pope’s Dunciad, 
this coujdet occurred, in the descri])tion of the effects 
of the reign of Du 1 ness : — 

Philosophy, that reached the heavens before, 

Shrinks to her hidden cause, and is no more, 

^ And this,’ says his editor, Warburton, ‘ was intended 
as a censure on the Newtonian philosophy. For the 
poet had been misled by the prejudices of foreigners, 
as if that philosophy had recurred to tlie occult quali- 
ties of Aristotle, This was the idea he received of it 
from a man educated much abroad, who had read 
everything^ but everything superficially.® When I 
hinted to him how he had been imposed upon, he 
changed the lines with great pleasure into a compli- 
ment (as they now stand) on that divine genius, and a 
satire on that very folly by which he himself had been 
misled.’ In 1743 it was printed, 1 

Philosophy, that leaned on heaven before. 

Shrinks to her second cause, and is no more. 

Jhe Newtohians repelled the charge of dealing in 
occult causes and, referring gravity to the will of the 


* Desag. Pref. * ® I presume Bolingbroke is here meant. 

7 See Cotes’s Preface to the Primipia, 
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Deity, as the First Cause, assumed a superiority over 
those whose philosophy rested in second causes. 

To the cordial reception of the Newtonian theory by 
the English astronomers, there is only one conspicuous 
exception; which is, however, one of some note, being 
no other than Flamsteed, the Astronomer Royal, a 
most laborious and exact observer.., Flamsteed at first 
listened with complacency to the promises of improve- 
ments in the Lunar Tables, which the npw doctrines 
held forth, and was willing to assist Newton, and to 
receive assistance from him. But after a time, he lost 
his respect for Newton’s theory, and ceased toHake any 
interest in it. He then declared to one of his corre- 
spondents,^ ^ I have determined to lay these crotchets 
of Sir Isaac Newton’s wholly aside.’ We need not, 
however, find any difficulty in this, if we recollect that 
Flamsteed, though a good observer, was no philoso])her ; 
— nc’S'er understood by a Theory anything more than 
a Formula which should predict results; — and was 
incapable of comprehending the object of Newton’s 
theory, which was to assign causes as well as rules, and 
to satisfy the conditions of Mechanics as well as of 
Geometiy. 

[2nd Ed.] [I do not see any reason to retract what 
was thus said ; but it ought j)erha])S to be distinctly said 
that on tliese very accounts Flamsteed’S rejection of 
Newton’s rules did not imply a denial of the doctrine 
of gravitation. In the letter above quoted, Flamsteed 
says that he has been employed u})on the Moon, and 
that ‘ The heavens reject that equation of Sir I. New- 
ton which Gregory and Newton called his sixth : I had 
then [when he wrote before] compared but 72 of my 
observations with the tables, now I have examined 
above 100 more. I find them all ?inn in the same, 
and the seventh [equation] too.’ And thereupon he 
comes to the detei’iftination above stated. 

At an earlier period Flamsteed, as I. Have said, had 
received Newton’s suggestions with great deference, and 
had regulated his own observatiorfls and theories with 


8 Baily’s Account of Flamsteed^ &c.^ p. 3oP* 
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reference to them. The calculation of the lunar ine- 
qualities upon the theory of gravitation was found by 
NTewton and his successors to be a more difficult and 
laborious task than he had anticipated, and was not per- 
formed without several trials and errours. One of the 
equations was at first published (in Gregory’s Astrono^ 
mice Ehmentd) witl^a wrong sign. And when Newton 
had done all, Flamsteed found that the rules were far 
from coming up to the degree of accuracy which had 
been claimed for them, that they could give the moon’s 
place true to 2 or 3 minutes. It was not till consider- 
ably later that this amount of exactness was attained. 

The late Mr. Baily, to whom astronomy and astro- 
nomical literature are so deejdy indebted, in his Sup- 
phment to the Account of Flamsteed^ has examined 
with great care and great candour tlie assertion that 
Flamsteed did not undtu*stand Newton’s Tlieory. He 
remarks, very justly, that what Newton himself at 
first presented as his Theory, might more pro})er]y be 
called Rules for computing lunar tables, than a jdiysical 
Theory in the modern acceptation of the term. He 
shows, too, that Flamsteed had read the Principia 
with attention.^ Nor do I doubt that many consider- 
able mathematicians gave the same imj)erfect assent to 
Newton’s doctrine which Flamsteed did. But when 
we find that others, as Halley, David Gregory, and 
Cotes, at once not only saw in the doctrine a source of 
true forinukc, but also a magnificent jdiysical discovery,, 
we. are obliged, I think, to make Flamsteed, in this 
respect, an exception to the first class of astronomers 
of his own time. 

Mr. Baily’s suggestion that the annual equations 
for the corrections of the lunar apogee «.nd node were 
collected from Flamsteed’s tables and observations 
independently of their suggestion by Newton as the 
results of Theory {Swpp. p. 692, ‘Note, and p. 698), 
a^earSk,to me jiot to be adequately supported by the 
evidence given.] * 


Sapp. p. 691. 
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Sect, 3 . — Reception of the Newtonian Theory abroad. 

The reception of the Newtonian theory on the Conti- 
nent, was much more tardy and unwilling than in its 
native island. Even those whose mathematical attain- 
ments most fitted them to appreciate its proofs, were 
j)revented by some peculiarity of view from adopting 
it as a system; as Leibnitz, Bernoulli, Huyghens; 
who all clung to one modification or other of the 
system of vortices. In France, the Cartesian system 
had obtained a wide and popular receptiotf, having 
been recommended by Fontenelle with the graces of 
his style; and its empire was so firm and well esta- 
blished in that country, that it resisted for a long time 
tlie pressure of Ntiwtonian arguments. Indeed, the 
Newtonian oj)inions had scarcely any disciples in 
FiiUice, till Voltaire asserted their claims, on liis 
return from England in 1728: until then, as he him- 
self says, there were not twenty Newtonians out of 
England. 

The hold which the philosophy of Descartes had 
upon the minds of his countrymen is, perhai>s, not 
surprizing. Jle really had the merit, a great one in 
the history of science, of having completely overturned 
the Aristotelian system, and introduced tne philosophy 
of matter and motion. In all branches of mixed 
mathematics, as we have already said, his followers 
were the best guides who had yet appeared. His hypo- 
thesis of vortices, as an explanation of the celestial 
motions, had an apparent advantage over the Newto- 
nian doctrine, in this resjicet ; — that it referi-ed eftects 
to the most intelligible, or at least most familiar kinds 
of mechanical causation, namely, pressure and impulse. 
And above all, the system was acceptable to most 
minds, in consequdlice of being, as’ was pretended, 
deduced from a few simple princij)leii l)y necessary 
consequences ; and of being *also directly connected 
with meta})hysic:il and theological •Speculations. We 
may add, that it was modified by .its mathematical 
adherents in such a way as to remove most of the 
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objections to it. A vortex revolving about a center 
could be constructed, or at least it was supposed that 
it could be constructed, so as to produce a tendency of 
bodies to the center. In all cases, therefore, where a 
central force acted, a vortex was supposed; but in 
reasoning to the results of this hypothesis, it was easy 
to leave out of sighWll other effects of the vortex, and 
to consider only the central force; and when this was 
done, the Cartesian mathematician could apj)ly to his 
problems a mechanical principle of some degree of con- 
sistency. This reflection will, in some degree, account 
for what*at first seems so strange ; — the fact, tliat the 
language of the French mathematicians is Cartesian, 
for almost half a century after the publication of the 
Frineijna of Newton. 

There was, however, a controversy between the two 
opinions going on all this time, and every day showed 
the insurmountable difficulties under which the Carte- 
sians laboured. Newton, in the Prlncipiay had inserted 
a series of propositions, the object of which was to 
prove, that the machinery of vortices could not be 
accommodated to one part of the celestial phenomena, 
without contradicting another ])art. A more obvioTis 
difficulty was the case of gravity of the earth ; if this 
force arose, as Descartes asserted, from the rotation of 
the earth’s vortex about its axis, it ought to tend 
directly to the axis, and not to the center. The 
asserters of ^vortices often tried their skill in remedy- 
ing this vice in the hypothesis, but never with much 
success. Huyghens supposed the ethereal matter of 
the vortices to revolve about the center in all direc- 
tions ; Perrault made the strata of the voi*tex increase 
in velocity of rotation as they recede frbm the center; 
Saurin maintained that the circumambient resistance 
which comprises the vortex will produce a pressure 
passing through the center. The elliptic form of the 
ovbits of the planets was another difficulty. Descartes 
had supposed the vortices themselves to be oval ; but 
others, as John Bernoulli, contrived ways of having 
elliptical motion in a circular vortex. 

The mathematical prize-questions proposed by the 



SEQUEL TO THE EPOCH OF NEWTON. 157 

French Academy, naturally brought the two sets of 
opinions into conflict. The Cartesian Memoir of John 
Bernoulli, to which we have just referred, was the one 
which gained the prize in 1730. It not unfrequently 
happened that the Academy, as if desirous to show its 
impartiality, divided the prize between Cartesians and 
Newtonians. Thus in 1734, the question being, the 
cause of the inclination of the orbits of the planets, 
the prize was shared between John Bernoulli, whose 
Memoir was founded on the system of vortices, and 
his son Daniel, who was a Newtonian. The last act 
of homage of this kind to the Cartesian system was 
performed in 1740, when the prize on the question of 
the Tides was distributed between Daniel Bernoulli, 
Euler, Maclaurin, and Cavallieri; the last of whom 
had tried to j)atch up and amend the Cartesian hypo- 
thesis on this subject. 

Thus the Newtonian system was not adopted in 
France till the Cartesian generation had died off; 
Fontenelle, wlio was secretary to the Academy of 
Sciences, and who lived till 1756, died a Cartesian. 
There were exceptions ; for instance. Delisle, an astro- 
nomer who was selected by Peter the Great of Russia, 
to found the Academy of St. Petersburg ; who visited 
England in 1724, and to whom Newton ^len gave his 
picture, and Halley his Tables. But in general, 
during the inteival, that country and this had a 
national difference of creed on physical snjDjects. Vol- 
taire, who visited England in 1727, notices this differ- 
ence in his lively manner. ‘ A Frenchman who arrives 
in London, finds a great alteration in philosophy, as in 
other things. He left the world full \2iplenum\ he finds 
it em})ty. Atf Paris you see the universe composed of 
vortices of subtile matter, in London we see nothing 
of the kind. With you it is the pressure of the moon 
which causes the tides of the sea, in ]ElngJand it is the 
sea which gravitates towards the moon*; so that when 
you think the moon ought to give us high water, these 
gentlemen believe that you ought to have low water ; 
which unfortunately we cannot test by experience; 
for in order to do that, we should have examined the 
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Moon and the Tides at the moment of the creation. 
You will observe also that the sun, which in France 
has nothing to do with the business, here comes in for 
a quarter of it. Among you Cartesians, all is done by 
an impulsion which one does not well understand; 
with the Newtonians, it is done by an attraction of 
which we know the cause no better. At Paris you 
fancy the earth shaped like a melon, at London it is 
flattened on the two sides.* 

It was Voltaire himself, as we have said, who was 
mainly instrumental in giving the Newtonian doctrines 
currency in France. He was at first refused permis- 
sion to print his Elements of the Newtonian Philosophy, 
by the chancellor, D’Aguesseaux, who was a Cartesian ; 
but after the appearance of this work in 1738, and of 
other writings by him on the same subject, the Car- 
tesian edifice, already without real support or con- 
sistency, crumbled to pieces and disappeared. The 
first Memoir in the Transactions of the French Aca- 
demy in which the doctrine of central force is applied 
to the solar system, is one by the Chevalier de Louville 
in 1720, On the Construction and Theory of Tables of 
the Sun, In this, however, the mode of explaining 
the motions of the planets by means of an original 
impulse and g.n attractive force is attributed to Kepler, 
not to Newton. The first Memoir which refers to the 
universal gravitation of matter is by Maupertuis, in 
1736. But, Newton was not unknown or despised in 
France till this time. In 1699 he was admitted one 
of the very small number of foreign associates of the 
French Academy of Sciences. Even Fontenelle, who, 
as we have said, never adopted his opinions, spoke of 
him in a worthy ijianner, in the Eloge "Srhich he com- 
posed on the occasion of his death. At a much earlier 
period too, Fontenelle did homage to his fame. The 
following passage refers, I presuine, to Newton. In 
the History of the Academy for 1708, which is written 
by the secretary, he says,^^ in referring to the difficulty 
which the comets occasion in the Cartesian hypothesis : 


*0 HUt. Ac. Sc. 1 70S, p. 103. 
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‘ We might relieve ourselves at once from all the em- 
barrassment which arises from the directions of these 
motions, by suppressing, as has been done hy one of the 
greatest geniuses of the age, all this immense fluid 
matter, which we commonly suppose between the 
planets, and conceiving them suspended in a perfect 
void.’ 

Comets, as the above passage implies, were a kind 
of artillery which the Cartesian 'plenum could not 
resist. When it appeared that the paths of such wan- 
derers traversed the vortices in all directioi^, it was 
impossible to maintain that these imaginary currents 
governed the movements of bodies immersed in them; 
and the mechanism ceased to have any real eflScacy. 
Both these phenomena of comets, and many others, 
became objects of a stronger and more general interest, 
in consequence of the controversy between the rival 
parties; and thus the prevalence of the Cartesian 
system did not seriously impede the progress of sound 
knowledge. In some cases, no doubt, it made men 
unwilling to receive the truth, as in the instance of 
the deviation of the comets from the zodiacal motion ; 
and again, when Homer discovered that light was not 
instantaneously propagated. But it encouraged obser- 
vation and calculation, and thus forward(\^ the verifi- 
cation and extension of the Newtonian system; of 
which process we must now consider some of the 
incidents. 
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CHAPTER IV. 

Sequel to the Epoch of Newton, continued. — 
Verification and Completion of the Newto- 
nian Theory. 

c Sect 1, — Division of the Subject, 

^“pHE verification of tlie Law of Universal Gravita- 
JL tion as the governing principle of all cosmical phe- 
nomena, led, as we have already stated, to a number of 
different fines of research, all long and difficult. Of 
these we may treat successively, the motions of the 
Moon, of the Sun, of the Planets, of the Satellites, of 
Comets ; we may also consider separately the Secular 
Inequalities, which at first sight appear to follow a 
different law from the other changes; we may then 
speak of the results of the principle as they affect this 
Earth, in its Figure, in the amount of Gravity at dif- 
ferent places, and in the })henomena of the Tides. 
Each of thej^ subjects has lent its aid to confirm the 
general law ; but in each the confirmation has had its 
peculiar difficulties, and has its separate history. Our 
sketch of this history must be very rapid, for our aim 
is only to show what is the kind and course of the con- 
firmation which such a theory demands and receives. 

For the same reason we pass over many events of 
this period which are highly important in the history 
of astronomy. They have lost much of their interest 
for us, and even for common readers, because they are 
of a class with which we are already familiar, truths 
included in jnore general truths to which our eyes now 
most readily turn. Th,us, the discovery of new satel- 
lites and planets is but a repetition of what was done 
by Galileo: the determination of their nodes and 
apses, the reduction of their motions to the law of the 
ellipse, is but a fresh exemplification of the discoveries 
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of Kepler. Otherwise, the formation of Tables of the 
satellites of Jupiter and Saturn, the discovery of the 
eccentricities of the orbits, and of the motions of the 
nodes and apses, by Cassini, Halley, and others, would 
rank with the great achievements in astronomy. 
Newton’s peculiar advance in the Tables of the celestial 
motions is the introduction of Perturbations. To these 
motions, so affected, we now proceed. 

^ect, 2. — Application of the Newtonian Theory to the 
'Moon, 

The Motions of the Moon may be first spoken of, as 
the most obvious and the most important of the appli- 
cations of the iJewtonian Theory. The verification of 
such a theory consists, as we have seen in previous 
cases, in the construction of Tables derived from the 
theory, and the comparison of these with observation. 
The advancement of astronomy would alone have been 
a sufficient motive for this labour; but there were 
other reasons which urged it on with a stronger im- 
pulse. A perfect Lunar Theory, if the theory could be 
perfected, promised to supply a method of finding the 
Longitude of any place on the earth’s surface ; and thus 
the verification of a theory whicli professed to be com- 
plete in its foundations, was identified with an object 
of immediate practical use to navigators and geogra- 
phers, and of vast acknowledged value. A good 
method for the near discovery of the longitude had 
been estimated by nations and princes at large sums of 
money. The Dutch were willing to tempt Galileo to 
this task by the offer of a chain of gold : Philip the 
Third of Spain had promised a reward for this object 
still earlier;^ th^ parliament of England, in 1714, pro- 
posed a recompence of 20,000^. sterling; the Regent 
Duke of Orleans, two ^ears afterwards, offered 100,000 
francs for the same purpose. These prizes, added to 
the love of truth and of fame,, kept this object* con-* 
stantly before the eyes of mathematicians, during the 
first half of the last century. 


VOL. II. 
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If the Tables could be so constructed as to represent 
the moon’s real place in the heavens with extreme 
precision, as it would be seen from a standard obser- 
vatory, the observation of her apparent place, as seen 
from any other point of the earth’s surface, would 
enable the observer to find his longitude from the 
standard point. The motions of the moon had hitherto 
so ill agreed with the best Tables, that this method 
failed altogether. Newton had discovered the ground 
of this want of agreement. He had shown that the 
same force which produces the Evection, Variation, 
and Annual Equation, must produce also a long series 
of other Inequalities, of various magnitudes and cycles, 
which perpetually drag the moon before or behind the 
place where she would be sought by an astronomer 
who knew only of those principal and notorious in- 
equalities. But to calculate and apply the new in- 
equailties, was no slight undertaking. 

In the first edition of the Pinndpia in 1687, New- 
ton had not given any calculations of new inequalities 
affecting the longitude of the moon. But in David 
Gregory’s Elements of Physical and Geometrical Astro- 
nomy^ published in 1702, is inserted^ ^ Newton’s Lunar 
Theory as applied by him to Practice in which the 
great discoverer has given the results of his calcula- 
tions of eight of the lunar Equations, their quantities, 
epochs, and periods. These calculations were for a 
long period the basis of new Tables of the Moon, which 
were published by various persons;^ as by Delisle in 
1715 or 1716, Grammatici at Ingoldstadt in 1726, 
Wright in 1732, Angelo Capelli at Venice in 1733, 
Dunthorne at Cambridge in 1739. 

Flamsteed ha/l given Tables of iflie Moon upon 
Horrox’s theory in 1681, and wished to improve them ; 
and though, as we have seen, he would not, or could 
not, accept Newton’s doctrines in their whole extent, 
Newton communicatee^ his theory to the observer in 
the shape in which he could understand it and use it 
and Flamsteed employed these directions in construct- 


2 p, 3j.s. 3 Lalandc, 145 7 * Baily. Account of p. 7 a. 
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ing new Lunar Tables, which he called his Theory,^ 
These Tables were not published till long after his 
death, by Le Monnier at Paris in 1746. They are said, 
by Lalande,® not to differ much from Halley’s. Halley’s 
Tables of the Moon were printed in 1719 or 1720, 
but not published till after his death in 1749. They 
had been founded on Flamsteed’s observations and his 
own; and when, in 1720, Halley succeeded Flamsteed 
in the post of Astronomer Royal at Greenwich, and 
conceived that he had the means of much improving 
what he had done before, he began by printing what 
he had already executed. 7 

But Halley had long proposed a method, different 
from that of Newton, but marked by great ingenuity, 
for amending the Lunar Tables. He proposed to do 
this by the use of a cycle, which we have mentioned 
as one of the earliest discoveries in astronomy; — the 
Period of 223 lunations, or eighteen years and eleven 
days, the Chaldean Saros. This period was anciently 
used for predicting the eclipses of the sun and moon; 
for those eclipses which happen during this period, are 
repeated again in the same order, and with nearly the 
same circumstances, after the expiration of one such 
period and the commencement of a second. The reason 
of this is, that at tlie end of such a cycle, ihe moon is 
in nearly the same position with respect to the sun, 
her nodes, and her apogee, as she was at first; and is 
only a few degrees distant from the same part of the 
heavens. But on the strength of this consideration. 


® p. Zll. 

® Lai. 1459. 

7 Mr. Bnily * says that Mayer’s 
Nouvelles Tables de fa Lune in 1 75 3, 
published upwards of fifty ^ears 
after Gregory’s .4.s^ro«o»?y,may be 
considered as the first lunar tables 
formed solely on Newton’s prin- 
cii)les. Though Wright in iTlz 
published New and Correct Tables 


of the Lunar Motions according to 
the Newtoniet^i Theory ^ Newton's 
rules were in them only partially 
adopted. In 1 7 35 Leadbetter pub- 
lished his Vranoscopia, in which 
those rules were more fuBy foI-« 
lowedP. But these Newtonian Tables 
did not supersede Flam.steed’s llor- 
roxian Tables, till both were sup- 
planted by thdse of Mayer, 


* Su2)p. p. 7oa. 
M 2 
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Halley conjectured that all the irregularities of the 
moon’s motion, however complex they may be, would 
recur after such an interval ; and that therefore, if the 
requisite corrections were determined by observation 
for one such period, we might by means of them give 
accuracy to the Tables for all succeeding periods. This 
idea occurred to him before he was acquainted with 
Newton’s views.® After the lunar theory of the Prin-- 
cipia had appeared, he could not help seeing that the 
idea was confirmed ; for the inequalities of the moon’s 
motion, pwhich arise from the attraction of the sun, 
will depend on her positions with regard to the sun, 
the apogee, and the node; and therefore, however 
numerous, will recur when these positions recur. 

Halley announced, in 1691,® his intention of follow- 
ing this idea into practice; in a paper in which he 
corrected the text of three passages in Pliny, in which 
this period is mentioned, and from which it is some- 
times called the Plinian period. In 1710, in the pre- 
face to a new edition of Street’s Garolim TahUs^ he 
stated that he had already confirmed it to a consider- 
able extent.^® And even after Newton’s theory had 
been applied, he still resolved to use his cycle as a 
means of obtaining further accuracy. On succeeding 
to the Obiervatory at Greenwich in 1720, , he was 
further delayed by finding that the instruments had 
belonged to Flamsteed, and were removed by his exe- 
cutors. ^ And this,’ he says,^^ ‘ was the more grievous 
to me, on account of my advanced age, being then in 
my sixty-fourth year; which put me past all hopes of 
ever livjng to see a complete period of eighteen years’ 
observation. But, thanks to God, he has been pleased 
hitherto (in 1731) to afford me suflShient health and 
strength to execute my office, in all its parts, with my 
own hands and eyes, without any assistance or inter- 
rupti9n, during one whole period of the moon’s apogee, 
which period is performed in somewhat less than nine 
years.’ He fou^d the agreement very remarkable. 


9 Ib. p. 536. 
Ib. p. 193. 
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and conceived hopes of attaining the great object, of 
finding the Longitude with the requisite degree of 
exactness ; nor did he give up his labours on this sub- 
ject till he had completed his Plinian period in 1739. 

The accuracy with which Halley conceived himself 
able to predict the moon’s place was within two 
minutes of space, or one fifteenth of the breadth of the 
moon herself. The accuracy required for obtaining 
the national reward was considerably greater. Le 
Monnier pursued the idea of Halley. But before 
Halley’s method had been completed, it w%s super- 
seded by the more direct prosecution of Newton’s 
views. 

We have already remarked, in the history of analy- 
tical mechanics, that in the Lunar Theory, considered 
as one of the cases of the Problem of Three Bodies, 
no advance was made beyond what Newton had done, 
till mathematicians threw aside the Newtonian arti- 
fices, and applied the newly-developed generalizations 
of the analytical method. The first great apparent 
deficiency in the agreement of the law of universal 
gravitation with astronomical observation, was removed 
by Clairaut’s improved approximation to the theo- 
retical Motion of the Moons .Apogee, in 1750 j yet not 
till it had caused so much disquietude, that Clairaut 
himself had suggested a modification of the law of 
attraction ; and it was only in tracing the consequences 
of this suggestion, that he found the Newtonian law 
of the inverse square to be that which, when rightly 
developed, agreed with the facts. Euler solved the 
problem by the aid of his analysis in 1745,^* and pub- 
lished Tables oi^ the Moon in 1746. His tables were 
not very accurate at first but he, D’Alembert, and 
Clairaut, continued to labour at this object, and the 
two latter published Tables of the Moon in 1754.^® 
Finally, Tobias Mayer, an astronomer of Gottingen, 
having compared Euler’s tables with observation^ 
corrected them so successfully, that, in 1753 he pub- 
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lished Tables of the Moon, which really did possess 
the accuracy which Halley only flattered liimself that 
he had attained. Mayer’s success in his first Tables 
encouraged him to make them still more perfect. He 
applied himself to the mechanical theory of the moon’s 
orbit ; corrected all the coefficieuts of the series by a 
great number of observations; and, in 17 55? 
new Tables to London as worth}^ to claim the prize 
offered for the discovery of longitude. He died soon 
after (in 1762), at the early age of thirty-nine, worn 
out by his incessant labours ; and his widow sent to 
London a copy of his Tables with additional correc- 
tions. These Tables were committed to Bradley, then 
Astronomer Boyal, in ordS: to be compared with obser- 
vation. Bradley laboured at this task with unremit- 
ting zeal and industry, having himself long entertained 
hopes that the Lunar Method of finding the Longitude 
might be brought into geneml use. He and his assist- 
ant, Gael Morris, introduced corrections into Mayer s 
Tables of 1755. In his report of 1756, he says, ^7 
that he did not find any difference so great as a minute 
and a quarter; and in 1760, he adds, that this devia- 
tion had been further diminished by his corrections. 
It is not foreign to our purpose to observe the gi'eat 
labour wliioh this verification required. Not less than 
1220 observations, and long calculations founded upon 
each, were employed. The accuracy which Mayer’s 
Tables possessed was considered to entitle them to a 
part of the j)arliamentary reward ; they were printed 
in 1770, aud his widow received 3000^. from the 
English^ nation. At the same time, Euler, whose 
Tables had been the origin and foundation of Mayer’s, 
also had a recompence of the same amount. 

This j)ublic national acknowledgment of the practical 
accuracy of these Tables is, it will be observed, also a 
solemn recognition of the truth of the Newtonian 
theory, as far as truth can be judged of by men acting 
under the highest official responsibility, and aided by 
the most complete command of the resources of the 
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skill and talents of others. The finding the Longitude 
is thus the seal of the moon s gi*avitation to the sun 
and earth; and with this occurrence, therefore, our 
main concern with the history of the Lunar Theory 
ends. Various improvements have been since intro- 
duced into this research ; but on these we, with so 
many other subjects before us, must forbear to enter. . 

Sect 3. — Ai^plication of tlie Newtonian Theory to the 
Planets^ Satellites, and Earth, 

The theories of the Planets and Satellites, as affected 
by the law of universal gravitation, and therefore by 
perturbations, were naturally subjects of interest, after 
the promulgation of that law. Some of the effects of 
the mutual attraction of the planets had, indeed, 
already attracted notice. The inequality produced by 
the mutual attraction of Jupiter and Saturn cannot be 
overlooked by a good observer. In the preface to the 
second edition of the Principia, Cotes remarks, that 
the perturbation of Jupiter and Saturn is not unknown 
to astrononjers. In Halley’s Tables it was noticed^^ 
that there are very great deviations from regularity in 
these two planets, and these deviations are ascribed to 
the perturbing force of the planets on eacji other ; but 
the correction of these by a suitable equation is left to 
succeeding astronomers. 

The motion of the planes and apsides the plane- 
tary orbits was one of the fii*st results of their mutual 
perturbation which was observed. In 1706, La Hire 
and Maraldi comj)ared Jupiter with the Rudolphine 
Tables, and those of Bullialdus; it appeared* that his 
aphelion had advanced, and that his n^des had regressed. 
In 1728, J. Cassini found that Saturn’s aphelion had 
in like manner travelled forwards. I;i 1720, when 
Louville refused to allow in his solar tables the motion 
of the aphelion of the earth, Fontenelle obser\^ed that 
this was a misplaced scrupulousness since the aphelion 
of Mercuiy certainly advances. Yet this reluctance 

Preface to Privdpiat p. xxi. End of J’lanetary Tablee. 
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to admit change and irregularity was not yet overcome. 
When astronomers had found an approximate and 
apparent constancy and regularity, they were willing 
to believe it absolute and exact. In the satellites of 
Jupiter, for instance, they were unwilling to admit 
even the eccentricity of the orbits-; and still more, the 
variation of the nodes, inclinations, and apsides. But 
all the fixedness of these was successively disproved. 
Fontenelle in 1732, on the occasion of Maraldi’s dis- 
covery of the change of inclination of the fourth 
satellite^ expresses a suspicion that all the elements 
might prove liable to change. ‘ We see,’ says he, ‘ the 
constancy of the inclination already shaken in the 
three first satellites, and the eccentricity in the fourtli. 
The immobility of the nodes holds out so far, but 
there are strong indications that it will share the same 
fate.’ 

The motions of the nodesand apsides of the satellites 
are a necessary part of the Newtonian theory ; and 
even the Cartesian astronomers now required only 
data, in order to introduce these changes into their 
Tables. 

The complete reformation of the Tables of . the Sun, 
Planets, and Satellites, which followed as a natui’al 
consequencQ, from the revolution which Newton had 
introduced, was rendered possible by the labours of the 
great constellation of mathematicians of whom we 
have spoken in the last book, Olairaut, Euler, D’Alem- 
bert, and their successors ; and it was carried into effect 
in the course of the last century. Thus Lalande 
applied Clairaut’s theory to Mars, as did Mayer; and 
the inequalities in this case, says Bailly^® in 1785, may 
amount to two ijiinutes, and therefore must not be 
neglected. Lalande determined the inequalities of 
Venus, as did Father Walmesley,^ an English mathe- 
matician; these were found to reach only to thirty 
seconds. 

The Planetary Tables^^ which were in highest repute, 
up to the end of tlie last century, were those of Lalande, 
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111 these, the perturbations of Jupiter and Saturn 
were introduced, their magnitude being such that they 
cannot be dispensed with ; but the Tables of Mercury, 
Venus, and Mars, had no perturbations. Hence these 
latter Tables might be considered as accurate enough 
to enable the observer to find the object, but not to 
test the theory of perturbations. But when the cal- 
culation of the mutual disturbances of the planets was 
applied, it was always found that it enabled mathema- 
ticians to bring the theoretical places to coincide more 
exactly with tliose observed. In improving, as much 
as possible, this coincidence, it is necessary to deter- 
mine the mass of each planet; for upon that, accord- 
ing to the law of universal gravitation, its disturbing 
power depends. Thus, in 1813, Lindenau published 
Tables of Mercury, and concluded, from them, that a 
considerable increase of the supposed mass of Venus 
was necessary to reconcile theory with observation. 
He had published Tables of Venus in 1810, and of 
Mars in 1811. And, in proving Bouvard’s Tables of 
Jupiter and Saturn, values were obtained of the masses 
of those planets. The form in which the question of 
the truth of the doctrine of universal gravitation now 
offers itself to the minds of asti'onomers, is this: — 
that it is taken for granted that it will ^account for 
the motions of the heavenly bodies, and the question 
is, with what suj)posed masses it will give the best 
account.*^ The continually-increasing accuracy of the 
table shows the truth of the fundamental assumption. 

The question of perturbation is exemplified in the 

22 Airy. Report on Ast. to Brit. lite. It appeared, from this cal- 

Ass. i83i. * culation, tjiat Jupiter’s mass re- 
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seen in perturbations, but on a new planets, and has been gene- 
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of revolution of his fourth satel- of the elements of our system. 
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satellites also. Thus the satellites of Jupiter are not 
only disturbed by the sun, as the moon is, but also by 
each other, as the planets are. This mutual action 
gives rise to some very curious relations among their 
motions; which, like most of the other leading inequa- 
lities, were forced upon the notice of astronomers by 
observation before they were obtained by mathematical 
calculation. In Bradley’s remarks upon his own 
Tables of Jupiter’s Satellites, published among Halley’s 
TableSj he observes that the places of the three interior 
satellites are affected by errours which recur in a 
cycle of 437 days, answering to the time in which they 
return to the same relative position with regard to 
each other, and to the axis of Jupiter’s shadow. 
Wargentin, who had noticed the same circumstance 
without knowledge of what Bi-adley had done, applied 
it, with all diligence, to the purpose of improving the 
tables of the satellites in 1746. But, at a later period, 
Laplace established, by mathematical reasoning, the 
very curious theorem on which this cycle depends, 
which he calls the libralion of Jupiter 8 satellites; and 
Delambre was then able to publish Tables of Jupiter’s 
Satellites more accurate than those of Wargentin, 
which he did in 1789.24^ 

The progress of physical astronomy from the time 
of Euler and Clairaut, has consisted in a series of cal- 
culations and comparisons of the most abstruse and 
recondite kind. The formation of Tables of the Planets 
and Satellites from the theory required the solution of 
problems much more complex than the original case 
of the Problem of three bodies. The real motions of 
the planets and their orbits are rendered still further 
intricate by this, jihat all the lines and 'points to which 
we can refer them, are themselves in motion. The task 
of carrying order and law into this mass of apparent 
confusion, has required a long series of men of tran- 
scendent intellectual powers ; and a perseverance and 
delicacy of observation, such as we Lave not the 
smallest example of in any other subject. It is inipos- 
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sible here to give any detailed account of tliese labours ; 
but we may mention one instance of the complex con- 
siderations which enter into them. The nodes of 
J upiter’s fourth satellite do not go backwards, as the 
Newtonian theory seems to require ; they advance upon 
Jupiter’s orbit. But then, it is to be recollected that 
the theory requires the nodes to retrograde upon the 
orbit of the perturbing body, which is here the third 
satellite; and Lalande showed that, by the necessary 
relations of space, the latter motion may be retrograde 
though the former is direct. 

Attempts have been made, from the time of the 
solution of the Problem of three bodies to the present, 
to give the greatest possible accuracy to the Tables of 
the Sun, by considering the effect of the various per- 
turbations to which the earth is subject. TJjus, in 
1756, Euler calculated the effect of the attractions of 
the planets on the earth (the prize-question of the 
French Academy of Sciences), and Clainxut soon after. 
Lacaillc, making use of these results, and of his own 
numerous observations, published Tables of the Sun. 
In 1786, Delambre^® undertook to verify and improve 
these tables, by comparing them with 314 observations 
made by Maskelyne, at Greenwich, in 1775 and 1784, 
and in some of the intermediate years. JTe corrected 
most of the elements; but he could not remove -tlie 
uncertainty which occurred respecting the amount of 
the inequality y)roduced by the reaction of the moon. 
He admitted also, in pursuance of Clairaut’s theory, 
a second term of this inequality depending on tlie 
moon’s latitude ; but irresolutely, and halLdisposed to 
reject it on the authority of the observations. Suc- 
ceeding researches of mathematicians have shown, that 
this term is not admissible as a result of mechanical 
principles. Delam^re’s Tables, thus improved, were 
exact to seven or eight seconds -p which •was thought, 
and truly, a very close coincidence for the time. But 
astronomers were far from resting content with this. 
In 1806, the French Board of Longitude published 
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Delambre’s improved Solar Tables; and in the Con- 
naissance des Term for 1816, Burckhardt gave the 
results of a comparison of Delambre’s Tables with a 
great number of Maskelyne’s observations ; — far greater 
than the number on which they were founded. It 
appeared that the epoch, the perigee, and the eccentri- 
city, required sensible alterations, and that the mass 
of Venus ought to be reduced about one-ninth, and 
that of the Moon to be sensibly diminished. In 1827, 
Professor Airy^® compared Delambre’s tables with 
2000 Greenwich observations, made with the new 
transit-instrument at Cambridge, and deduced from 
this comparison the correction of the elements. These 
in general agreed closely with Burckhardt’s, excepting 
that a diminution of Mars appeared necessary. Some 
discordances, however, led Professor Airy to suspect 
the existence of an inequality which had escaped the 
sagacity of Laplace and Burckhardt. And, a few 
weeks after this suspicion had been expressed, the same 
mathematician announced to the Boyal Society that 
he had detected, in the planetary theory, such an 
inequality, hitherto unnoticed, arising from the mutual 
attraction of Venus and the Earth. Its whole effect 
on the earth’s longitude, would be to increase or 
diminish it by nearly three seconds of space, and its 
period is about 240 years. ‘This term,’ he adds, 
‘ accounts completely for the difference of the secular 
motions gi’:"en by the comparison of the epochs of 
1783 and 1821, and by that of the epochs of 1801 and 
1821.* 

Many excellent Tables of the motions of the sun, 
moon, and planets, were published in the latter part 
of the last century ; but the Bureau dtes Longitudes, 
which was established in France in i 795 » endeavoured 
to give new or improved tables ^ of most of these 
motions. Thus were produced Delambre’s Tables of 
the Sun, Burg’s Tables cf the Moon, Bouvard’s Tables 
of Jupiter, Satupi, and Uranus. The agreement 
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between these and observation is, in general, truly 
marvellous. 

We lAay notice here a difference in the mode of 
referring to observation when a theory is first esta- 
blished, and when it is afterwards to be confirmed and 
corrected. It was remarked as a merit in the method 
of Hipparchus, and an evidence of the mathematical 
coherence of his theory, that in order to determine 
the place of the sun’s apogee, and the eccentricity of 
his orbit, he required to know nothing besides the 
lengths of winter and spring. But if the fewness of 
the requisite data is a beauty in the first fixation of a 
theory, the multitude of ‘observations to which it 
applies is its excellence when it is established ; and in 
correcting Tables, mathematicians take far more data 
than would be requisite to determine the elements. 
For the theory ought to account for all the facts : and 
since it will not do this with mathematical rigour (for 
observation is not perfect), the elements are determined, 
not so as to satisfy any selected observations, but so 
as to make the whole mass of errour as small as pos- 
sible. And thus, in the adaptation of theory to obser- 
vation, even in its most advanced state, there is room 
for sagacity and skill, prudence and judgment. 

In this manner, by selecting the best mean elements 
of the motions of the heavenly bodies, tlie observed 
motions deviate from this mean in the way the theory 
points out, and constantly return to it. To this gene- 
ral rule, of the constant return to a mean, there are, 
however, some apparent exceptions, of which we shall 
now speak. 

Sect 4. — Aj[!jplication of the Newtqnicm Theory to 
Secular Inequalities, 

Secular Inequalities in the motions of* the heavenly 
bodies occur in consequence of changes in’the elements 
of the solar system, which gcT on progressively from 
age to age. The example of such ehanges which was 
first studied by astronomers, was the Acceleration of 
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the Moon’s Mean Motion, discovered by Halley. The 
observed fact was, that the moon now moves in a very 
small degree quicker than she did in the earlier ages 
of the world. When this was ascertained, the various 
hypotheses which appeared likely to account for the 
fact were reduced to calculation. The resistance of 
the medium in which tlie heavenly bodies move was 
the most obvious of these hypotheses. Another, 
which was for some time dwelt upon by Laplace, was 
the successive transmission of gravity, that is, the 
hypothesis that the gravity of the earth takes a certain 
finite tiifie to reach the moon. But none of these 
suppositions gave satisfactory conclusions; and the 
strength of Euler, D’Alembert, Lagrange, and Laplace, 
was for a time foiled by this difficulty. At length, 
in 1787, Laplace announced to the Academy that he 
had discovered the true cause of this acceleration, and 
that it arose from the action of the sun upon the moon, 
combined with the secular variation of the eccentricity 
of the earth’s orbit. It was found that the effects of 
this combination, would exactly account for the changes 
which had hitherto so perjdexed mathematicians. A 
very remarkable result of this investigation was, that 
* this Secular Inequality of the motion of the moon is 
periodical, but it requires millions of years to re- 
establish itself;’ so that after an almost inconceivable 
time, the acceleration will become a retardation. 
Laplace some time after (in 1797,) announced other 
discoveries relative to the secular motions of the apogee 
and the nodes of the moon’s orbit. Laplace collected 
these researches in his ‘ Theory of the Moon,’ which he 
published in the third volume of the Mecanique Celeste 
in 1802. 

A similar case occurred with regard to an accelera- 
tion of Jupiter’s mean motion, and a retardation of 
Saturn’s, which had been observed by Cassini, Maraldi, 
aqd Horrox* After several imperfect attempts by 
other mathematicians, Laplace, in 1787, found that 
there resulted from the mutual attraction of these 
two planets a great Inequality, of which the period is 
929 years and a half, and which has accelerated Jupiter 
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and retarded Saturn ever since the restoration of 
astronomy. 

Thus the secular ihequalities of the celestial motions, 
like all the others, confirm the law of universal gravi- 
tation. They are called ‘secular,’ because ages are 
requisite to unfold their existence, and because they 
are not obviously periodical. They might, in some 
measure, be considered as extensions of the Newtonian 
theory, for though Newton’s law accounts for such facts, 
he did not, so far as we know, foresee such a result of 
it. But on the other hand, they are exactly of the 
same nature as those which he did foresee and calculate. 
And when we call them ‘secvlar, in oj)position to 
periodical, it is not that there is any real difference, 
for they, too, have their cycle; but it is that we have 
assumed our mean motion without allowing for these 
long inequalities. And thus, as Laplace observes on 
this very occasion,^^ the lot of this great discovery of 
gravitation is no less than this, tliat every ap])arent 
exception becomes a prot»f, every difficulty a new 
occasion of a trium[)h. And such, as he truly adds, 
is the character of a true theory, — of a real represen- 
tation of nature. 

It is impossible for us here to enumerate even the 
principal objects which have thus tilled thj triumphal 
march of the Newtonian theory from its outset up tO 
the present time. But among these secular changes, 
we may mention the Diminution of the C^bliquity of 
the Ecliptic, which has been going on from the earliest 
times to the present. This change has been explained 
by theory, and shown to have, like all the other 
changes of the system, a limit, after which the dimi- 
nution will be inverted into an increase. 

We may mention here some subjects of a kind some- 
what different from those just spoken qf. The true 
theoretical quantity eff the Precession of the Equinoxes, 
which had been erroneously calculated by N(?wton, 
was shown by D’Alembert to agree with observation. 
The constant coincidence of the Nodes of the Moon’s 
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Equator with those of her Orbit, was proved to result 
from mechanical principles by Lagrange. The curious 
circumstance that the Time of the*Moon’s rotation on 
her axis is equal to the Time of her revolution about 
the earth, was shown to be consistent with the results 
of the laws of motion by Laplace. Laplace also, as 
we have seen, explained certain remarkable relations 
which constantly connect the longitudes of the three 
first satellites of J upiter ; Bailly and Lagrange analysed 
and explained the curious librations of the nodes and 
inclinations of their orbits; and Laplace traced the 
ejffect of 'Jupiter’s oblate figure on their motions, which 
masks the other causes of inequality, by determining 
the direction of the motions of the perijove and node 
of each satellite. 

Sect 5 . — Application of the Newtonicm Theory to the 
New Planets. 

We are now so accustomed to consider the Newtonian 
theory as true, that we can hardly imagine to ourselves 
the possibility that those planets which were not dis- 
covered when the theory was founded, should contra- 
dict its doctrines, can scarcely conceive it possible 
that Uranus or Ceres should have been found to violate 
Kepler’s laws, or to move without suffering perturba- 
tions from Jupiter and Saturn. Yet if we can suppose 
men to have had any doubt of the exact and universal 
truth of the doctrine of universal gravitation, at the 
period of these discoveries, they must have scj:utinized 
the motions of these new bodies with an interest far 
more lively than that with which we now look for the 
predicted return of a comet. The solid establishment 
of the Newtonian theoijy is thus shown by the manner 
in which we take it for granted not only in our reason- 
ings, but in our feelings. But though this is so, a 
short notice of the process by which the new planets 
were brought within the domain of the theory may 
properly find a place here. 

William Herschel, a man of great energy and 
ingenuity, who had made material improvements iii 
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reflecting telescoj)es, observing at Batli on the 13th of 
March, 1781, discovered, in the constellation Gemini, 
a star larger and less luminous than the fixed stars. 
On the application of a more powerful telescope, it 
was seen magnified, and two days afterwards he per- 
ceived that it had changed its plafle. The attention 
of the astronomical world was directed to this new 
object, and the best astronomers in every part of 
Europe cmifloyed themselves in following it along the 
sky.*"^^ 

The admission of an eighth planet into the long- 
established list, was a notion so foreign tb men’s 
thoughts at that time, that other suppositious were 
first tried. The orbit of the new body was at first 
calculated as if it had been a comet running in a para- 
bolic j)ath. But in a few days the star deviated from 
the course thus assigned it : and it was in vain that in 
order to represent the observations, the perihelion 
distance of the parabola was increased from fourteen 
to eighteen times the earth’s distance from the sun. 
Saron, of the Academy of Sciences of Paris, is said^^ to 
have been the iil'st })erson who perceived that the 
j)laces were better represented by a circle than by a 
parabola ; and Lcxell, a celebrated mathematician of 
Petersburg, found that a motion in a cirgular orbit, 
with a radius double of that of Saturn, would satisfy 
all the observations. This made its period about 
eighty-two years. ^ 

^ Lalande soon discovered that the circular motion 
was subject to a sensible inequality : the orbit was, in 
fact^ an ellipse, like those of the other planets. To 
determine the equation of the center of a body which 
revolves so slowly, would, according to the ancient 
methods, have required many years : but Laplace con- 
trived methods by which the elliptical elements were 
determined from four observations, within, little more 
than a year from its first discoveiy by Herschel. These- 
calculations were soon followed" by tables of the new 
planet, published by Nouet. ' 
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In order to obtain additional accuracy, it now became 
necessary to take account of the perturbations. The 
French Academy of Sciences proposed, in 1789, the 
construction of new Tables of this Planet as its prize- 
question. It is a curious illustration of the constantly 
accumulating evidence of the theory, that the calcula- 
tion of the perturbations of the planet enabled astro- 
nomers to discover that it had been observed as a star 
in three different positions in former times; namely, 
by Flamsteed in 1690, by Mayer in 1756, and by Le 
Monnier in 1769. Delambre, aided by this discovery 
and by the theory of Laplace, calculated Tables of the 
planet, which, being compared with observation for 
three years, never deviated from it more than seven 
seconds. The Academy awarded its prize to these 
Tables, they were adopted by the astronomers of 
Europe, and the planet of Herschel now conforms to 
the laws of attraction, along with those ancient mem- 
bers of the known system from which the theory was 
inferred. 

The history of the discovery of the other new planets, 
Ceres, Pallas, Juno, and Vesta, is nearly similar to 
that just related, except that their planetary character 
was more readily believed. The first of these was dis- 
covered ov the first day of this century by Piazzi, the 
astronomer at Palermo; but he had only begun to 
suspect its nature, and had not completed his third 
observation, when his labours were suspended by a 
dangerous illness : and on his recovery the star was 
invisible, being lost in the rays of the sun. 

He declared it to be a planet with an elliptical orbit ; 
but the path which it followed, on emerging from the 
neighbourhood, of the sun. Was not that which Piazzi 
had traced out for it. Its extreme smallness made it 
difficult to rediscover; and the whole of the year 1801 
was employed in searching the sky for it in vain. At 
« last/ after many trials, Von Zach and Olbers again 
found it, the one on the last day of 1801, the other oti 
the first day of 1802. Gauss and Burckhardt imme- 
diately used the new observations in determining the 
elements of the orbit; and the former invented a new 
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method for the purpose. Ceres now moves in a path 
of which the course and inequalities are known, and 
can no more escape the scrutiny of astronomers. 

The second year of the nineteenth century also pro- 
duced its planet. This was discovered by Dr. Olbers, 
a physician of Bremen, while he was searching for 
Ceres among the stars of the constellation Virgo. He 
found a star which had a perceptible motion even in 
the space of two hours. It was soon announced as a 
new planet, and received from its discoverer the name 
of Pallas. As in the case of Ceres, Burckhfvdt and 
Gauss employed themselves in calculating its orbit. 
But some peculiar difficulties here occurred. Its 
eccentricity is greater than that of any of the old 
planets, and the inclination of its orbit to the ecliptic 
is not less than thirty-five degrees. These circum- 
stances both made its perturbations large, and rendered 
them difficult to calculate. Burckhardt employed the 
known processes of analysis, but they were found 
insufficient : and the Imperial Institute (as the French 
Academy was termed during the reign of Napoleon,) 
proposed the Perturbations of Pallas as a prize- 
question. 

To these discoveries succeeded others of the same 
kind. The German astronomers agreed to examine 
the whole of the zone in which Ceres and Palhis move ; 
in the hope of finding other planets, fragments, as 
Olbers conceived they might possibly be, of*one origi- 
nal mass. In the course of this research, Mr. Harding 
of Lilienthal, on the ist of September, 1804, found 
a new star, which he soon was led to consider as a 
planet. Gauss and Burckhardt also calculated the 
elements of this orbit, and the planet was named 
Juno. 

After this discovery, Olbers sought the sky for addi- 
tional fragments of his planet with extraordinary per- 
severance. He conceived that, one of two opposite* 
constellations, the Virgin or the Wh^le, was the place 
where its separation must have taken place ; and where, 
therefore, all the orbits of all the portions must pass. 
He resolved to survey, three times a year, all the small 
N 2 
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stars in these two regions. This undertaking, so 
curious in its nature, was successful. Tlie 29t]i of 
March, 1807, he discovered Yesta, which was soon 
found to he a planet. And to show the manner in 
which Olbers pursued his labours, we may state that 
he afterwards published a notification that he had 
examined the same parts of the heavens with such 
regularity, that he was certain no new planet had 
passed that way between 1808 and 1816. Gauss and 
Burckhardt computed the orbit of Yesta; and when 
Gauss /compared one of his orbits with twenty-two 
observations of M. Bouvard, he found the errours 
below seventeen seconds of space in right ascension, 
and still less in declination. 

The elements of all these orbits have been succes- 
sively imjn’oved, and this has been done entirely by 
the German niatliematicians.*^*^ These i)erturbations 
arc calculated, and the places for some time before and 
after oi)position are Jiow given in the Berlin Ephemeris. 

‘ I have lately observed,’ says Professor Airy, ^ and 
compared with the Berlin Ephemeris, the right ascen- 
sions of Juno and Yesta, and I find that they are 
rather more accurate than those of Yenus:’ so com- 
plete is the confirmation of the theory by these new 
laodies; scji exact arc the methods of tracing the theory 
to its consequences. 

We may observe that all these new-discovered 
bodies hafve received names taken from the ancient 
mythology. In the case of the first of these, astro- 
nomers were originally divided ; the discoverer him- 
self named it the Gaoryium Sidm, in honour of his 
patron, George the Third ; Lalande and others called 
it Herschel. Nothing can be more just than this mode 
of perpetuating the fiime of the author of a discovery; 
but it was felt to be ungraceful^ to violate the homo- 
geneity of the ancient system of names. Astronomers 
•tried* to find for the Ivtherto neglected denizen of the 
skies, an appropriate i)lace among the deities to whose 
assembly he was at last admitted; and Uranm, ihQ 
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father of Saturn, was fixed upon as best suiting the 
order of the course. 

The mythological nomenclature of planets aj)peared 
from this time to be generally agreed to. Piazzi 
termed his, Ceres Ferdinandea. The first term, which 
contains a happy allusion to Sicil}^, the country of the 
discovery in modern, and of the goddess in ancient, 
times, has been accepted ; the atteinj)t to pay a com- 
j)liment to royalty out of the products of science, in 
tliis as in most other cases, has becm set aside. Pallas, 
Juno, and Vesta, were named, without any peculiar 
I)roj)riety of selection, according to the choice of their 
discoverers. 

Sect. 6 . — Application oj the Newtonian Theory to 
Comets. 

A P’EW words must be said u])on another class of bodies, 
which at first seemed as lawless as tlie clouds and 
winds; and which astronomy has reduced to a regu- 
larity as conqdete as that of the sun ; — ui)on Comets. 
No part of the Newtonian discoveries excited a more 
intense interest than this. These anomalous visitants 
were anciently gazed at with wonder and alarm; and 
might still, as iii former times, be accused o£ ‘ perplex- 
ing nations,’ though with very different fears and ques- 
tionings. The conjecture that they, too, obeyed the 
law of universal gravitation, was to be v^'rified by 
showing tliat they described a curve such as that force 
would produce. Hevelius, who was a most diligent 
observer of these objects, had, without i*efereiice to 
gravitation, satisfied himself that they moved in para- 
bolas.*^^ To determine the elements pf the parabola 
from observations, even Newton called'^^ ‘problema 
longe difficillimum.’ Newton determined the orbit of 
the comet of 1680 by certain graphical methods. His 
methods supj>osed the orbit to bg a parabola, and ^atis-« 
factorily represented the motion in the visible part of 
the comet’s path. But this method Sid not apply to 


3^ Bailly,ii. 345. 


^ Priiwipiay ed. i, p. 494* 



1 82 HISTORY OF PHYSICAL ASTRONOMY. 


the possible return of the wandering star. Halley 
has the glory of having first detected a periodical 
comet, in the case of that which has since borne his 
name. But this great discovery was not made without 
labour. In 1705, Halley^® explained how the para- 
bolic orbit of a planet may be determined from three 
observations; and, joining example to precept, himselt 
calculated the positions and orbits of twenty-four 
comets. He found, as the reward of this industry, 
that the comets of 1607, and of 1531, had the same 
orbit ag that of 1682. And here the intervals are 
also nearly the same, namely, about seventy-five years. 
Are the three comets then identical In looking back 
into the history of such appearances, he found comets 
recorded in 1456, in 1380, and in 1303; the intervals 
are still the same, seventy-five or seventy- six years. 
It was impossible now to doubt that they were the 
periods of a revolving body ; that the comet was a 
planet ; its orbit a long ellipse, not a parabola. ^7 

But if this were so, the Comet must reappear in 
1758 or 1759. Halley predicted that it would do so; 
and the fulfilment of this prediction was naturally 
looked forwards to, as an additional stamp of the 
truths of the theory of gravitation. 

But in ^|,11 this, the Comet had beeif supposed to be 
affected only by the attraction of the sun. The planets 
must disturb its motion as they disturb each other. 
How would this disturbance affect the time and cir- 
cumstances of its reappearance? Halley had proposed, 
but not attempted to solve, this question. 

The effect of perturbations upon a comet defeats all 
known methods of approximation, and requires im- 
mense labour. J Clairaut,’ says Bailly,^® ^ undertook 

36 Bailly, ii. 646. plus grand, de plus beau, de plus 

37 The importance of Halley’s neuf ^n astronomic.’ Halley, in 
Jabours on Comets has always predicting the comet of 1758, says, 
been acknowledged. In spekking if it returns, ‘ Hoc priinum ab 
of Halley’s Syiwpsis AstronomiccB homine Anglo in ventum fuisse non 
CometiccB^ Delambre says {Ast. inficiabitur acqua posteritas.* 
xviii. p. i 3 o), ‘ Voila bien, 38 Bailly, .^ 4 . AT. iii. 190, 
dopuis Kepler, ce qu’on a fait de 
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tliis : with courage enough to dare the adventure, he 
had talent enough to obtain a memorable victory the 
difficulties, the labours, grew upon him as he advanced, 
but he fought his way through them, assisted by 
Lalaiide, and by a female calculator, Madame Lepaute. 
He predicted that the comet would reach its perihelion 
April 13, 1759, but claimed the license of a month for 
the inevitable inaccuracy of a calculation which, in 
addition to all otlier sources of erroiir, was made in 
haste, that it might appear as a prediction. The 
comet justified his calculations and his caution toge- 
ther; for it arrived at its perihelion on the* 13th of 
March. 

Two other Comets, of much shorter period, have 
been detected of late years; Encke’s, which revolves 
round the sun in three years and one third, and Biela’s, 
which describes an ellipse, not extremely eccentric, in 
six years and three quarters. These bodies, apparently 
thill and vaporous masses, like otlier comets, have, 
since their orbits were calculated, punctually conformed 
to the law of gravitation. If it were still doubtful 
whether the more conspicuous comets do so, these 
bodies would tend to prove the fact, by showing it to 
be true in an intermediate case. 

[2nd Ed.] [A third Comet of short period was dis- 
covered by Faye, at the Observatory of t^aris, NoV. 
22, 1843. If included between the orbits of Mars 
and Saturn, and its period is seven years and tliree 
tenths. 

This is commonly called Fayes Comet, as the two 
mentioned in the text are called Encke's and BielcCs, 
In the former edition I had expressed my assent to 
the rule propo^d by M. Arago, that the latter ought 
to be called Gamhart's Comet, in honour of the astro- 
nomer who first proved it to revolve round the Sun. 
But astronomers in general have used the former name, 
considering that the discovery and observation* of tl^e 
object are more distinct and conspicuous merits than a 
calculation founded upon the obs^vations of others. 
And in reality, Biel a had great merit in the discovery 
of his Comet’s periodicity, having set about his search 
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of it from an anticipation of its return founded upon 
former observations. 

Also a Comet was discovered by De Yico at Rome 
on Aug. 22, 1844, wbicli was found to describe an 
elliptical orbit having its aphelion near tlie orbit of 
Jupiter, which is consequently one of those of short 
period. And on Feb. 26, 1846, M. Rrorsen of Kiel 
discovered a telescopic Comet whose orbit is found to 
be elliptical.] 

We may add to the liistory of Comets, tliat of 
LexelFs, which, in 1770, appeared to be revolving in 
a period of about live years, and whose motion was 
predicted accordingly. The prediction was disap- 
pointed; but the failure was sufficiently explained by 
the comet’s having passed close to eJupiter, by which 
occurrence its orbit was utterly dei'anged. 
twice (in 1767 and 1779) through the system of Jupi- 

It results from the theory of universal gravita- 
tion, that Comets arc collections of extremely atte- 
nuated matter. Lexell’s is supposed to have passed 
ter’s Satellites, without disturbing their motions, 
though suffering itself so great a disturbarjce as to 
have its orbit entirely altered. The same result is 
still more decidedly proved by the last appearance of 
Biela’s Com|?t. It a])peared double, but the two bodies 
did not perceptibly affect each other’s motions, as I 
am informed by Professor Challis of Cambridge, wlio 
observed both of them from Jan. 23 to Mar. 25, 1846. 
This proves the quantity of matter in each body to 
have been exceedingly small. 

Thus, no verification of the Newtonian theory, which 
was possible in the motions of ^he stars, has yet been 
wanting. The return of Halley’s Comer again in 1835, 
and the extreme exactitude with which it conformed 
to its predicted course, is a testimony of truth, which 
must appear striking even to the most incurious respect- 
ing sucli matters.^^ , 

39 M. de Humboldt {Kos^mos.'p. served in China in i378 being 
I Id) speaks of nine returns of identified with this. But whether 
Halley’s Comet, the comet ob- we take 1378 or i38o for the 
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Sect, 7 . — Application of the Newtonian Theory to the 
Figure of the Earth. 

The Heavens had thus been consulted respecting the 
Newtonian doctrine, and tlie answer given, over and 
over again, in a thousand difTerent forms, had been, 
that it was true; nor had the most persevering cross- 
examination been able to establish anytliing of contra- 
diction or prevarication. The same question was also 
to be put to the Earth and the Ocean, and we must 
briefly notice the result. ^ 

According to the Newtonian principles, the form of 
the eai*th must be a globe somewhat flattened at the 
poles. This conclusion, or at least the amount of the 
flattening, depends not only upon tJie existence and 
law of attraction, but n])on its belonging to each par- 
ticle of the mass separately; and thus the experi- 
mental confirmation of the form asserted from calcula- 
tion, would be a verification of the theory in its widest 
sense. The ap})lication of such a test was the more 
necessary to the interests of science, inasmuch as the 
Ercnch astronomers had collected from their measures, 
and had connected wfith their Cartesian system, the 
opinion that the earth was not oblate but oblong. 
Dominic Cassini had measured seven deg^’oes of lati- 
tude from Amiens to Perjngnan, in 1701, and found 
them to decrease in going from south to north. The 
prolongation of this measure to Dunkirk cotifirincd 
the same result. But if the Newtonian doctrine was 
true, the contrary ought to be the cjise, and the degrees 
ought to increase in proceeding towards the pole. 

The only answer which the Newtonians could at 
this time makS to the difliculty thirs presented, was, 
that an arc so short as that thus measured, was not to 
be de])ended upon for the determination of sucli a 
question; inasmuch as the inevitable erronrs of obser- 
vation might exceed tlie difFj?ronces which w^re the 


appearance in that century, if we or i38o, in 145^^, in i53i,in 1607, 
begin with that, we have only in i68i, in 1 759, and in 18 35. 
seven appearances, namely in i378 
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object of research. It would, undoubtedly, have be- 
come. the English to have given a more complete 
answer, by executing measurements under circum- 
stances not liable to this uncertainty. The glory of 
doing this, however, they, for a long time, abandoned 
to other nations. The French undertook the task 
with great spirit.^® In 1733, in one of the meetings 
of the French Academy, when this question was dis- 
cussed, De la Condamine, an ardent and eager man, 
proposed to settle this question by sending members 
of the Academy to measure a degree of the meridian 
near the Equator, in order to compare it with the French 
degrees, and offered himself for the expedition. Mau- 
pertuis, in like manner, urged the necessity of another 
expedition to measure a degree in the neighbourhood 
of the pole. The government received the applications 
favourably, and these remarkable scientihe missions 
were sent out at the national expense. 

As soon as the result of these measurements was 
known, there was no longer any doubt as to the 
fact of the earth’s oblatcness, and the question only 
turned upon its quantity. Even before the return 
of the academicians, the Cassinis and Lacaille had 
measured the French arc, and found erroiirs which 
subverted the former result, making the earth oblate 
to the amount of i-i68th of its diameter. Tlie expe- 
ditions to Peru and to Lapland had to struggle with 
difficulties in the execution of their design, which 
make their narratives resemble some romantic history 
of irregular warfare, rather than the monotonous 
records of mere measurements. The equatorial degree 
employed the observers not less than eight years. 
When they did return, and their resB.lts were com- 
pared, their discrepancy, as to quantity, was consider- 
able. The comparison of the Peruvian and French 
arcs gave an ellipticity of nearly 1 -3 14th, that of the 
Peruvian and Swedish arcs gave 1-2 13th for its value. 

Kewton had deduced' from his theory, by reasonings 
of singular ingen tiity, an ellipticity of 1-2 30th; but 
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this result had been obtained by’ supposing the earth 
homogeneous. If the earth be, as we should most 
readily conjecture it to be, more dense in its interior 
than at its exterior, its ellipticity will be less than that 
of a homogeneous spheroid revolving in the same time. 
It does not appear that Newton was aware of this; 
but Clairaut, in 1743, in his Figure of live Earth, 
proved this and many other important results of the 
attraction of the particles. Especially he established 
that, in proportion as the fraction expressing the 
Ellipticity becomes smaller, that expressing the Excess 
of the polar over the equatorial gravity becomes larger ; 
and he thus connected the measures of the ellipticity 
obtained by means of Degrees, with those obtained by 
means of Pendulums in different latitudes. 

The altered rate of a Pendulum when carried 
towards the equator, had been long ago observed by 
Kicher and Halley, and had been quoted by Newton 
as confirmatory of his theory. Pendulums were swung 
by the academicians who measured tlie degrees, and 
confirmed the general character of the results. 

But having reached this point of the verification of 
the Newtonian theory, any additional step becomes 
more difficult. Many excellent measures, both of 
Degrees and of Pendulums, have been maeje since those 
just mentioned. The results of the Arcs is an Ellip- 
ticity of i-298th;— of the Pendulums, an Ellipticity 
of about 1-2 85th. This difference is coijsiderable, if 
compared with the quantities themselves; but does 
not throw a shadow of doubt on the truth of the 
theory. Indeed, the observations of each kind exhibit 
irregularities which we may easily account for, by 
ascribing tlieffi to the unknown distribution of the 
denser portions of the earth ; but which preclude the 
extreme of accuracy and certainty in our result. 

But the near agreement of the deterrqination, from 
Degrees and from Penduluins, is not the only cohi- 
cidence by which the doctrine is confirmed. We can 
trace the effect of the earth’s OBlateness in certain 
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minute apparent motions of the stars ; for the attrac- 
tion of the sun and moon on the lu'ojuherant matter 
of the spheroid produces the Precession of the equi- 
noxes, and a Nutation of the earth’s axis. The Pre- 
cession liad been known from the time of Hipparchus, 
and the existence of Niitation was foresetni by New- 
ton ; but the quantity is so small, that it required 
consummate skill and great labour in P>radley to 
detect it by astronomical observation. I’eing, how- 
ever, so detected, its amount, as well as that of the 
Precession, gives us the means of determining the 
amount of Terrestrial Ellipticitj’^, by which the effect 
is produced. But it is found, uj)on calculation, that 
we cannot obtain this determination without assuming 
some law of density in the homogeneous strata of 
which wo .siipj)ose tlie earth to consist.+‘^ The density 
will certainly increase in proceeding towards the center, 
and there is a simple and probable law of this increase, 
which will give i -300th for the Ellipticity, from the 
amount of two lunar Inequalities, (one in latitude and 
one in longitude,) which are produced by the earth’s 
oblateness. Nearly the same result follows from the 
quantity of Nutation. Thus everything tends to con- 
vince us that the ellipticity cannot deviate much from 
this fraction. 

[2nd Ed.] [T ought not to omit another class of 
phenomena in which the effects of the Earth’s Oblate- 
ncss, acting according to the law of universal gravita- 
tion, have manifested themselves; — I speak of the 
Moon’s Motion, as affected by the Earth’s Ellii)ticity. 
In this case, as in most others, observation anticipated 
theory. Mason had inferred from lunar observations 
a certain Inequality in Longitude, dej^ending upon 
the distance of the Moon’s Node from the Equinox. 
Doubts were entertained by astronomers whether this 
inequality really existed ; but Lajilace showed that 
such an* inequality would arise from the oblate form of 
the earth; and that its magnitude might serve to 
determine the amount of the oblateness. Laplace 
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showed, at the same time, that along with this In- 
equality in Longitude there must be an Inequality in 
Latitude ; and xhis assertion, Burg confirmed by the 
discussion of observations. The two Inequalities, as 
shown in the observations, agree in assigning to the 
earth’s form an Ellipticity of i-305th.] 

Sect. 8 . — Confirmation of tlie Newtonian Theory hy 
Experiments on Attraction. 

The attraction of all the parts of the earth to one 
another was thus proved by experiments, in which the 
whole mass of the earth is concerned. But attempts 
have also been made to measure the attraction of 
smaller portions; as mountains, or artificial masses. 
This is an exj)eriment of great difficulty; for the at- 
traction of such masses must be compared with that 
of the earth, of which it is a scarcely-perceptible frac- 
tion ; and, moreover, in the case of mountains, the 
effect of the mountain will be modified or disguised by 
unknown or unappreciable circumstances. In many 
of the measurements of degrees, indications of the 
attraction of mountains had been perceived; but at 
the suggestion of Maskelyne, the experiment was care- 
fully made, in 1774, upon the mountaii^Scheh allien, 
in Scotland, the mountain being mineralogically sur- 
veyed by Playt^ir. The result obtained was, that the 
attraction of the mountain drew the pluuib-line about 
six seconds from the vertical ; and it was deduced from 
this, by Hutton’s calculations, that the density of the 
earth was about once and four-fifths that of Sche- 
hallien, or four and a half times that of water. 

Cavendish, Vho had suggested many of the artifices 
in this calculation, himself made the experiment in 
the other form, by using leaden balls, about nine 
inches diameter. This observation was conducted with 
an extreme degree of ingempty and delicacy* which 
could alone make it valuable ; and the result agreed 
very nearly with that of the Schefiallien experiment, 
giving for the density of the earth about five and one- 
third times that of water. Nearly the same result 
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was obtained by Carlini, in 1824, from observations 
of the pendulum, made at a point of the Alps (the 
Hospice, on Mount Cenis) at a considerable elevation 
above the average surface of the earth. 

Sect. 9 . — Application of the Newtonian Theory to the 
Tides. 

We come, finally, to that result, in which most remains 
to be done for the verification of the general law of 
attraction; the subject of the Tides. Yet, even here, 
the verirfcation is striking, as far as observations have 
been carried. Newton’s theory explained, with sin- 
gular felicity, all the prominent circumstances of the 
tides then known ; — the difference of spring and neap 
tides; the effect of the moon's and sun’s declination 
and parallax; even tTie difference of morning and 
evening tides, and the anomalous tides of particular 
places. About, and after, this time, attempts were 
made both by the Hoyal Society of England, and by 
the French Academy, to collect numerous observa- 
tions ; but these were not followed up with sufficient 
perseverance. Perhaps, indeed, the theory had not 
been at that time sufficiently developed; but the 
admirable pnze- essays of Euler, Bernoulli, and D’Alem- 
bert, in 1740, removed, in a great measure, this defi- 
ciency. These dissertations supplied, the means of 
bringing tlijs subject to the same test to which all the 
other consequences of gravitation had been subjected ; — 
namdy, the calculation of tables, and the continued 
and orderly comparison of these with observation, 
Laplace has attempted this verification in another 
way, by calculating the results of the thfeory (which he 
has done with an extraordinary command of analysis,) 
and then by comparing these, in supposed critical 
cases, with the Brest observations.* This method has 
confirihed the theory as far as it could do so; but such 
a process cannot supersede the necessity of applying 
the proper criterion of truth in such cases, the con- 
struction and verification of Tables. Bernoulli’s theory, 
on the other hand, has been used for the construction 
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of Tide-tables; but these have not been properly com- 
pared with experiment ; and when the comparison has 
been made, having been executed for purposes of gain 
rather than of science, it has not been published, and 
cannot be quoted as a verification of the theory. 

Thus we have, as yet, no sufficient comparison of 
fact with theory, for Laplace’s is far from a complete 
comparison. In this, as in other parts of physical 
astronomy, our theory ought not only to agree with 
observations selected and grouped in a particular 
manner, but with the whole course of observation, 
and with every part of the phenomena. In this, as in 
other cases, the true theoiy should be verified by its 
giving us the best Tables; but Tide-tables were never, 
I believe, calculated upon Laplace’s theory, and thus 
it was never fairly brought to the test. 

It is, perhaps, remarkable, considering all the expe- 
rience which astronomy had furnished, that men should 
have expected to reach the completion of this branch 
of science by improving the mathematical theory, 
without, at the same time, ascertaining the laws of 
the facts. In all other departments of astronomy, as, 
for instance, in the cases of the moon and the planets, 
the leading features of the phenomena had been made 
out em])irically, before the ‘theory explained them. 
The course which analogy would have recommended 
for the cultivation of our knowledge of the . tides, 
would have been, to ascertain, by an analysis of long 
series of observations, the effect of changes in the time 
of transit, parallax, and declination of the moon, and 
thus to obtain the laws of phenomena ; and then to 
proceed to investigate the laws of causation. 

Though thiS was not the course followed by mathe- 
matical theorists, it was really pursued by those who 
practically calculated Tide-tables ; and ‘the application 
of knowledge to the useful purposes of life being thus 
separated from the promotion pf the theory, was natu- 
rally treated as a gainful property^ and preserved by 
secrecy. Art, in this instance, having cast off her 
legitimate subordination to Science, or rather, being 
deprived of the guidance Vhich it was the duty of 
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Science to afford, resumed her ancient practices of 
exclusiveness and mystery. Liverpool, London, and 
other places, had their Tide-tables, constructed by un- 
divulged methods, which methods, in some instances 
at least, were handed down from father to son for 
several generations as a family-possession; and the 
publication of new Tables accompanied by a statement 
of the mode of calculation, was resented as an infringe- 
ment of the rights of property. 

The mode in which these secret methods were 
invented, was that which we have pointed out; — the 
analysis of a considerable series of observations. Pro- 
bably the best example of this was afforded by the 
Liverpool Tide-tables. These were deduced by a cler- 
gyman named Holden, from observations made at that 
j)oi*t by a harbour-master of the name of Hutchinson ; 
who was led, by a love of such pursuits, to observe 
the tides carefully for above twenty yeai’s, day and 
night. Holden’s Tables, founded on four years of these 
observations, were remarkably accurate. 

At length men of science began to perceive that such 
calculations were part of their business ; and that they 
were called upon, as the guardians of the established 
theory of the universe, to compare it in the greatest 
possible detail with the facts. Mr. Lubbock was the 
first mathematician who undertook the extensive la- 
bours which such a comiction suggested. Finding 
that regular tide-observations had been made at the 
London Docks from i 795 » R® took nineteen yeai*s of 
these (purposely selecting the length of a cycle of the 
motions of the lunar orbit,) and caused them (in 1831) 
to be analysed by Mr. Dessiou, an expert calculator. 
He thus obtained Tables for the elleoo of the Moon’s 
Declination, Parallax, and hour of Transit, on the 
tides ; and was enabled to produce Tide-tables founded 
upon the da.ta thus obtained. Sohie mistakes in these 
as first published (mistakes unimportant as to the 
theoretical value of the work,) served to show the 
jealousy of the practical tide-table calculators, by the 
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acrimony with which the oversights were dwelt upon; 
but in a very few y ears^ the tables thus produced by 
an open and scientific process, were more exact than 
those which resulted from any of the secrets ; and thus 
practice was brought into its pro2)er subordination to 
theory. 

The theory with which Mr. Lubbock was led to 
compare his results, was the Equilibrium-theory of 
Daniel Bernoulli ; and it wins found that this theory, 
with certain modifications of its elements, represented 
the facts to a remarkable degree of precisicwi. Mr. 
Lubbock pointed out this agreement especially in the 
semi-mensual inequality of the times of high water. 
The like agreement was afterwards (in 1833) shown 
by Mr. Whewell'*'^ to obtain still more accurately at 
Liverpool, both for the Times and Heights; for by 
this time, nineteen years of Hutchinson’s Liverpool 
Observations had also been discussed by Mr. Lubbock. 
The other inequalities of the Times and Heights 
(depending upon the Declination and Parallax of the 
Moon and Sun,) were variously compared with the 
Equilibrium-theory by Mr. Lubbock and Mr. Whe- 
well; and the general result was, that the facts agreed 
with the condition of equilibrium at a certain anterior 
time, but that this anterior time was difiei%nt for dif- 
ferent phenomena. In like manner it appeared to 
follow from these researches, that in order to explain 
the facts, the mass of the moon must b& supposed 
different in the calculation at different places. A 
result in effect the same was obtained by M. Daussy,'^^ 
an active French hydrographer ; for he found that 
observations at yarious stations could not be reconciled 
with the formulae of Laplace’s Mecanique Celeste (in 
which the ratio of the heights of spring-tiiies and neap- 
tides was computed qji an assumed mass of the moon) 
without an alteration of level which was, in* fact,^ 
equivalent to an alteration of the moon’s mass. Thus 
all things appeared to tend to show that the Equili- 
brium-theory would give the forimdae for the inequali- 


^ Phil. Trans, 18 34. 

VOL. II. 
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ties of the tides, but that the magnitudes which enter 
into these formulie must be sought from observation. 

Whether this result is consistent with theory, is a 
question not so much of Physical Astronomy as of 
Hydrodynamics, and has not yet been solved. A 
Theory of the Tides which should include in its con- 
ditions the phenomena of Derivative Tides, and of their 
combinations, will probably require all the resources of 
the mathematical mechanician. 

As a contribution of em2)irical materials to the 
treatment of this hydrodynarnical problem, it may be 
allowable to mention here Mr. Whew ell’s attemi)ts to 
trace the progress of the tide into all the seas of the 
globe, by drawing on maps of the ocean what he calls 
Cotidal Lines ; — lines marking the contem]ioraneous 
position of the various j)oints of the great wave which 
carries high water from shore to shore.^® This is 
necessarily a task of labour and difficulty, since it re- 
quires us to know the time of high water on the same 
day in every part of the world ; but in proportion as 
it is completed, it supplies steps between our general 
view of the movements of the ocean and the pheno- 
mena of particular ports. 

Looking at this subject by the light which the 
example of the histoiy of astronomy affords, we may 
venture to rej^eat, that it will never have justice done it 
till it is treated as other parts of astronomy are treated \ 
that is, till Tables of all the [ffienomena which can be 
observed, are calculated by means of the best know- 
ledge which we at present possess, and till these Tables 
are constantly improved by a comj)arison of the pre- 
dicted with the observed fact. A set of Tide-observa- 
tions and Tide-ejffiemerides of this kind, would soon 
give to this subject that precision which marks the 
-other parts of astronomy ; and 'v\ould leave an assem- 
blage .of unexplained residual phenomena, in which a 
careful research might find the materials of other 
truths as yet unsuspected. 

Essay towards a First Approximation to a Map of Cotidal Lines. 
PhU. Trans. i833, i83d. 
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[2nd Ed.] [That there would be, in the tidal move- 
ments of the ocean, inequalities of the heights and 
times of high and low water, corresponding to those 
which the equilibrium-theory gives, could be considered 
only as a conjecture, till the comparison with observa- 
tion was made. It was, however, a natural conjecture; 
since the waters of tllfe ocean are at every moment 
tending to aocpiire the form assumed in the equili- 
brium-theory : and it maybe considered likely that 
the Causes which prevent their assuming this form 
produce an effect nearly constant for eadii place. 
Whatever be thought of this reasoning, the conjecture 
is confirmed by observation with curious exactness. 
The laws of a great number of the tidal phenomena — 
namely, of the Semi-mensual Inequality of the Heights, 
of the Semi-niensual Inequality of the Times, of the 
Diurnal Inequality, of the efiect of the Moon’s Decli- 
nation, of the effect of the Moon’s Parallax — are repre- 
sented very closely by formulai derived from the equi- 
librium-theory. The hydrodynamical mode of treating 
the subject has not added anything to the knowledge 
of the laws of the phenomena to which the other view 
had conducted us. 

We may add, that Laplace’s assumption, that in the 
moving fluid the motions must have a perfodicity cor- 
responding to that of the forces, is also a conjecture. 
And though this conjecture may, in some Cixses of the 
problem, be verified, by substituting the resulting ex- 
pressions in the equations of motion, this cannot be 
done in the actual case, where the revolving motion 
of the ocean is j)revented by the intrusion of tracts of 
land ininning nearly from pole to pole. 

Yet in Mr. Airy’s Treatise On 'Tides and Waves 
(in the Encydopoidia Metropolitana^ much has been 
done to bring the hydrodynamical theory of oceanic 
tides into agreement with observation. In this^idmi? 
rable work, Mr. Airy has, by peculiar artifices, solved 
problems which come so near the actual cases that they 
may represent them. He has, in this way, deduced 
the laws of the semi-diurnal and the diurnal tide, and 
the other features of the tides which the equilibrium 
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theory in some degree imitates J but he has also, taking 
into account the effect of friction, shown that the 
actual tide may be represented as the tide of an earlier 
epoch ; — that the relative mass of the moon and sun, 
as inferred from the tides, would depend upon the 
depth of the ocean (Art. 455); — ^with many other 
results remarkably explaining the observed pheno- 
mena. He has also shown that the relation of the 
cotidal lines to the tide waves really propagated is, in 
complex cases, very obscure, because different #aves 
of different magnitudes, travelling in different direc- 
tions, may coexist, and the cotidal line is the com- 
pound result of all these. 

With reference to the Ma'ps of Cotidal Lines, men- 
tioned in the text, I may add, that we are as yet 
destitute of observations which sliould supply the 
means of drawing such lines on a large scale in the 
Pacific Ocean. Admiral Liitke has however supplied 
us with some valuable materials and remarks on this 
subject in his Notice sur les Marees Tcriodiques dans 
le grand Ocean Jiorkd et dans la Mer Ghiciale; and 
has drawn them, apparently on sufiicient data, in tlio 
White Sea.] 
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CHAPTER V. 

Discoveries added to the Newtonian Theory. 


Sect T. — Tables of Astronomical Refraction. 

W E have travelled over an immense field»of astro- 
nomical and mathematical labour in the last few 
pages, and have yet, at the end of every step, still 
found ourselves under the jurisdiction of the Newto- 
nian laws. We are reminded of the universal monar- 
chies, where a man could not escape from the empire 
without quitting the world. We have now to notice 
some other discoveries, in which this reference to the 
law of universal gravitation is less immediate and 
obvious ; I mean the astronomical discoveries respect- 
ing Light. 

The general truths to which the establishment of 
the true laws of Atmospheric Refraction led astrono- 
mers, were the law of Deflection of the rays of light, 
which applies to all refractions, and the retl structure 
and size of the Atmosphere, so far as it became known. 
The great discoveries of Rbmer, and Bradley, namely, 
the Velocity of Light, the Aberration of 'Light, and 
the Nutation of the earth’s axis, gave a new distinct- 
ness to the conceptions of the propagation of light in 
tlie minds of philosophers, and confirmed the doctrines 
of Copernicus, Kepler, and Newton, respecting the 
motions which Tbelong to the eaidih. 

The true laws of Atmospheric ^ Refraction were 
slowly discovered. , Tycho attributed *the apparent 
displacement of the heavenly bodies to the lojv and 
gross part of the atmosphere o»ly, and hence made it 
cease at a point half-way to the zenith; but Kepler 
rightly extended it to the zenith itself. Dominic 
Cassini endeavoured to discover the law of this correc- 
tion by observation, and gave liis results in the form 
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which, as we have said, sound science prescribes, a Table 
to be habitually used for all observations. But great 
difficulties at this time embarrassed this investigation, 
for the parallaxes of the sun and of the planets were 
unknown, and very diverse values had been assigned 
them by different astronomers. To remove some of 
these difficulties, Bicher, in 1762, went to observe at 
the equator; and on his return, Cassini was able to 
confirm and amend his former estimations of parallax 
and refraction. But there were still difficulties. Ac- 
cording Jp La Hire, though the phenomena of twilight 
give an altitude of 34,000 toises to the atmosphere,^ 
those of refraction make it only 2000. John Cassini 
undertook to support and imj^rove the calculations of 
his father Dominic, and took the true supposition, that 
the light follows a curvilinear path through the air. 
The Boyal Society of London had already ascertained 
experimentally the refractive power of air.^ Newton 
calculated a Table of Befractions, which was published 
under Halley’s name in the Philosophical Transactions 
for 1721, without any indication of the method by 
which it was constructed. But M. Biot has recently 
shown, ^ by moans of the published correspondence of 
Elam steed, that Newton had solved the problem in a 
manner luiiirly corresponding to the most improved 
methods of modern analysis. 

Dominic Cassini and Picard proved,^ Lc Monnier 
in 1738 confirmed more fully, the fact that the varia- 
tions of the Thermometer affect the Bcfraction. Mayer, 
taking into account both these changes, and the changes 
indicated by the Barometer, formed a theoiy, which 
Lacaille, with immense labour, applied to the construc- 
tion of a Table of Befractions from observation. But 
Bradley’s Table (published in 1763 by Maskelyne,) 
was more commonly adopted in England; and his 
formula, originally obtained empirically, has been 
^hown by Young to result from the most probable 
suppositions we cp.n make respecting the atmosphere. 


1 Bailly, ii. 61Z, * Ib. ii. 5 o 7 . 

8 Biot, Acad, Sc, Compte EejidUt Sept. S, i 83 <S. ‘‘ Bailly, iii. 9 a. 
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Bessel’s Befraction Tables are now considered the best 
of those which have appeared. 

Sect 2. — Discover^/ of the Velocity of Light . — 
Homer, 

The astronomical history of Refraction is not marked 
by any great discoveries, and was, for the most part, a 
work of labour only. The progress of the other por- 
tions of our knowledge res2)ecting light is more strik- 
ing. In 1676, a great number of observations of 
ecli2)ses of Ju})iter’s satellites were accumulated, and 
could be compared with Cassini’s Tables. Romer, a 
Danish astronomer, whom Picard had brought to 
Paris, j^erceived that these eclipses happened constantly 
later than the calculated time at one season of the 
yeai*, and earlier at another season; — a difference for 
^vhic]i astronomy could oiler no account. The errour 
was the same for all the satellites ; if it had depended 
on a defect in the Tabltis of Jui)iter, it might have 
affected all, but the effect would have had a reference 
to the velocities of the satellites. The cause, then, 
was something extraneous to Jujiiter. Romer had the 
happy thought of comparing the errour with the 
earth’s distance from Jupiter, and it was found that 
the eclipses liappened later in proportion as JujDiter 
was further off.^ Thus we see the eclipse later, as it 
is more remote ; and thus light, the messenger which 
brings us intelligence of the occurrence, travels over 
its course in a measurable time. By this evidence, 
light appeared to take about eleven minutes in describ- 
ing the diameter of the earth’s orbit. 

This disco^^ery, like so many others, once made, 
appears easy and inevitable; yet Dominic Cassini had 
entertained the idea for a moment,® and had rejected 
it ; and Fontenelle had congratulated himself publicly 
on having narrowly escaped this seductive errour. Tl^e 
objections to the admission of the truth arose princi- 
pally from the inaccuracy of observjftion, and from the 


^ Bailly, ii. 1 7. 
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persuasion that the motions of the satellites were cir- 
cular and uniform. Their irregularities disguised the 
fact in question. As these irregularities became clearly 
known, Eomer’s discovery was finally established, 
and the ‘ Equation of Light’ took its place in the 
Tables. 

Sect. 3 . — Discovery of Aberration. — Bradley. 

Improvements in instruments, and in the art of ob- 
serving, were requisite for making the next great step 
in tracing the efiect of the laws of light. It appears 
clear, on ccuisidoration, that since light and the spec- 
tator on the earth are both in motion, the apparent 
direction of an object will be determined by the com- 
position of these motions. But yet the efiect of this 
composition of motions was (as is usual in such cases) 
traced as a fact in observation, before it was clearly 
seen as a consequence of reasoning. This fact, the 
Aberration of Light, the greatest astronomical dis- 
covery of the eighteenth century, belongs to Bradley, 
who was then Professor of Astronomy at Oxford, and 
afterwards Astronomer Iloyal at Greenwich. Moly- 
neux and Bradley, in 1725, began a series of observa- 
tions for the pur])Ose of ascertaining, by observations 
near the zeliith, the existence of an annual parallax 
of the fixed stars, which Hooke had hoped to detect, 
and Flamsteed tliought he had discovered. Bradley^ 
soon found *that the star observed by him had a minute 
apparent motion difierent from that which the annual 
parallax would produce. He tliought of a nutation of 
the earth’s axis as a mode of accounting for this; but 
found, by comparison of a star .^on th|i other side of 
the pole, that this explanation would not apply. Brad- 
ley and Molyneux then considered for a moment an 
annual alteration of figure in the* earth’s atmosphere, 
such as might afiect the refractions, but this hypothesis 
was soon I'ejected.® Ih 1727, Bradley resumed his 
observations, with a new instrument, at Wanstead; 


7 lligaud’s Bradley. 
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and obtained empirical rules for the changes of decli- 
nation in different stars. At last, accident turned his 
thoughts to the direction in which he was to find the 
cause of the variations which he had discovered. 
Being in a boat on the Thames, he observed that the 
vane on the top of the mast gave a difieront apparent 
direction to the wind, as the boat sailed one way or 
the other. Here was an image of his case: the boat' 
represented the earth moving in difiererit directions at 
different seasons, and the wind re])resented the light 
of a star. He had now to trace the consequences of 
this idea; he found that it led to the erapiri« 5 al rules, 
which he had already discovered, and, in 1729, he gave 
his discovery to the Boyal Society. His paper is a 
very happy narrative of his labours and his thoughts. 
His theory was so sound that no astronomer ever con- 
tested it; and his observations were so accurate, that 
the quantity whicli he assigned as the greatest amount 
of the change (one ninetieth of a degree) has liardly 
been corrected by moi'e recent astronomers. It must 
be noticed, however, that he considered the effects in 
declination only; the effects in right ascension required 
a different mode of observation, and a consummate 
goodness in the machinery of clocks, which at that 
time was hardly attained, ^ 

Sect. 4 . — Discovery of Nidaiioii. 

When Bradley went to Greenwich as Astronomer 
Royal, he continued with perseverance observations of 
the same kind as those by which ho had detected 
Aberration. The result of these was another dis- 
covery; namely, that very Nutation which he had 
formerly rejected. This may appear strange, but it is 
easily exjdained. The Aberration is an annual change, 
and is detected by observing a star at different seasons 
of the year; the Nutation is a change of which the 
cycle is eighteen yeiirs ; and v^iich, tlierefore, though 
it does not much change tlie place of a star in one 
year, is discoverable in the alterations of sevei-al suc- 
cessive years. A very few years’ observations showed 
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Bradley the effect of this change and long before 
the half cycle of nine years had elapsed, he had con- 
nected it in his mind with the true cause, the motion 
of the moon’s nodes. Machin was then Secretary to 
the Boyal Society,^^ and was ‘ employed in considering 
the theory of gravity, and its consequences with regard 
to the celestial motions to him Bradley communicated 
his conjectures ; from him he soon received a Table 
containing the results of his calculations ; and the law 
was found to be the same in the Table and in observa- 
tion, though the quantities were somewhat different. 
It appeaJi*ed by both, that the earth’s pole, besides the 
motion which the precession of the equinoxes gives it, 
moves, in eighteen years, through a small circle; — or 
rather, as was afterwards found by Bradley, an ellipse, 
of which the axes are nineteen and fourteen seconds. 

For the rigorous establishment of the mechanical 
theory of that effect of the moon’s attraction from 
which the phenomena of Nutalion flow, Bradley rightly 
and prudently invited the assistance of the great 
mathematicians of his time. D’Alembert, Thomas 
Simpson, Euler, and others, answered this call, and 
the result was, as we have already said in the last 
chapter, (Sect. 7,) that this investigation added another 
to the recondite and profound evidences of the doctrine 
of universal gravitation. 

It has been said^" that Bradley’s discoveries ‘ assure 
him the most distinguished place among astronomers 
after Hipparchus and Kepler.’ If his discoveries had 
been made before Newton’s, there could have been no 
hesitation as to placing him on a le^el with those 
great men. The existence of such suggestions as the 
Newtonian theory offered on all astromwnical subjects, 
may perhaps dim, in our eyes, the brilliance of Brad- 
ley’s achievements; but this circumstance cannot place 
any other person above the authoi? of such discoveries, 
aj:id therefore we may consider Delambre’s adjudication 


9 Rigaud, Ixiv! Ib. ^5. u Ib. Ixvi. 
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of precedence as well warranted, and deserving to be 
permanent. 

Sect 5. — Discovery of the Laws of Double Stars, — The 
two Uerschels, 

No truth, then, can be more certainly established, 
than that the law of gravitation prevails to the very 
boundaries of the solar system. But does it hold 
good further] Do the fixed stars also obey this 
universal sway ] Tlie idea, the question, is an obvious 
one, — but where are we to find the means 0/ submit- 
ting it to the test of observation? 

If the Stars were each insulated from the rest, ai 
our Sun appears to be from them, we should have been 
quite unable to answer this inquiry. But among the 
stars, there are some which are called Double Stars, 
and which consist t)f two stars, so near to each other 
that the telescope alone can separate them. The elder 
Herschel diligently observed and measured the rela- 
tive positions of the two stars in such ])airs ; and as 
has so often happened in astronomical history, pursuing 
one object he fell in with another. Supposing such 
pairs to be really unconnected, he wished to learn, from 
their phenomena, something respecting Jbhe annual 
parallax of the earth’s orbit. But in the course of 
twenty years’, observations he made the discovery (in 
1803) that some of these coiqdes were turning round 
each other with various angular velocities. These 
revolutions were, for the most part, so slow that he 
was obliged to leave their complete determination as 
an inheritance to the next generation. His son was 
not careless of the bdtjuest, and after having added an 
enormous mass of observations to those of his father, 
he applied himself to determine the ‘laws of these 
revolutions. A problem so obvious and so tempting 
was attacked also by others, y^s Savary and Eiicke, in 
1830 and 1832, with the resources of analysis. But 
a juroblem in which the data are so* minute and inevi- 
tably imperfect, required the mathematician to employ 
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much judgment, as well as skill in using and combin- 
ing these data; and Sir John Herschel, by employing 
positions only of the line joining the pair of stars, 
(which can be observed with comparative exactness) 
to the exclusion of their distances, (which cannot be 
measured with much correctness,) and by inventing a 
method which depended upon the whole body of obser- 
vations, and not upon selected ones only, for the deter- 
mination of the motion, has made his investigations by 
far the most satisfactory of those which have appeared. 
The result is, that it has been rendered very probable, 
that in several of the double stars the two stars describe 
ellipses about each otlier; and therefore that here also, 
at an immeasurable distance from our system, the law 
of attraction according to the inverse square of the 
distance, prevails. And, according to the practice of 
astronomers when a law has been established. Tables 
have been calculated for the future motions; and we 
have Ephemcrides of the revolutions of suns round 
each other, in a region so remote, that the whole circle 
of our earth’s orbit, if placed there, would be imper- 
ceptible by our str’ongest telescopes. The permanent 
comparison of the observed with the predicted motions, 
continued for more than one revolution, is the severe 
and decisive test of the truth of the theory : and the 
result of this test astronomers are now awaiting. 

[2nd Ed.] [In calculating the orbits of revolving 
systems of double stars, there is a peculiar difficulty, 
arising from the plane of the orbit being in a position 
unknown, but probably oblique, to the visual ray. 
Hence it comes to pass that even if the orbit be an 
ellipse described about the focus by the laws of plane- 
tary motion, it will appear otherwise,* and the true 
orbit will have to be deduced from the apparent one. 

With regard to a difficulty which has been men- 
tioned, that the two stars, if they are governed by 
gravity, will not revolve the one about the other, 
but both about their common center of gravity — 
this circumstance adds little difficulty to the problem. 
Newton has shown (Prindp, lib. i. Prop. 61) in the 
problem of two bodies^ the relation between the rela- 
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tive orbits and tlie orbit about the common center of 
gravity. 

How many of the apparently double stars have 
orhitual motions? Sir John Herschel in 1833 gave, 
in his Astronomy, (Art. 606,) a list of nine stars, 
with periods extending from 43 years {y\ Coronse) to 
1200 years, (y Leonis,) which he presented as the chief 
results then obtained in this department. In his 
work on Double Stars, the fruit of his labours in both 
hemispheres, which the astronomical world are looking 
for with eager expectation, he will, I believe, have a 
few more to add to these. * 

Is it well established that such double stars attract 
each other accordiny to tits law of the inverse square of 
tits distance ? The answer to this question must be 
determined by ascertaining whether the above cases 
are regulated by the laws of elliptical motion. This 
is a matter whicli it must require a long course of 
careful observation to determine in such a number of 
cases as to prove the universality of the rule. Perhaps 
the minds of astronomers are still in suspense upon 
the subject. When Sir John Herschers work shall 
appear, it will probably be found that with regard to 
some of these stars, and y Virginis in particular, the 
conformity of the observations witli the laws of ellipti- 
cal motion amounts to a degree of exactness which must 
give astronomers a strong conviction of the truth of the 
law. For since Sir W. Herschel's first measures in 1 7 8 1 , 
the arc described by one star about the other is above 
305 degrees; and during this period the angular annual 
motion has been very various, passing through all 
gradations from about 20 minutes to 80 degrees. Yet 
in the whole o^ this change, the two curves constructed, 
the one from the observations, the other from the 
elliptical elements, for the purpose of comparison, 
having a total ordixAite of 305 parts, do not, in any 
part of their course, deviate from each other so^ much 
as two such parts.] 

The verification of Newton’s digftjoveries was suffi- 
cient employment for the last century; the first step 
in the extension of them belongs to this century. We 
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cannot at present foresee the magnitude of this task, 
but every one must fftel that the law of gravitation, 
before verified in all the particles of our own system, 
and now probably extended to the all but infinite dis- 
tance of the fixed stars, presses upon our minds with 
a strong claim to be accepted as a universal law of the 
whole material creation. 

Thus, in this and the preceding chapter, I have given 
a brief sketch of tiie history of the verification and 
extension of Newton’s great discovery. By the mass 
of labour and of skill which this head of our sxibject 
includes* we may judge of the magnitude of the 
advance in our knowledge which that discovery made. 
A wonderful amount of talent and industry have been 
requisite for this purpose; but with these, external 
means have co-operated. Wealth, authority, mecha- 
nical skill, the division of labour, the power of asso- 
ciations and of governments, have been largely and 
worthily applied in bringing astronomy to its present 
high and fiourishing condition. We must consider 
briefly what has thus been done. 
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CHAPTER VI. 

The Instruments and Aids of Astronomy during 
THE Newtonian Period. 


Sect I. — Instruments, a 

S OME instrtJments or other were employed at all 
periods of astronomical observation. But it was 
only when observation had attained a considerable 
degree of delicacy, that the exact construction of in- 
struments became an object of serious care. Gradually, 
as the possibility and the value of increased exactness 
became manifest, it was seen that everything which 
could improve the astronomer’s instruments was of 
high importance to him. And hence in some cases a 
vast increase of size and of expense was introduced ; 
in other cases new combinations, or the result of im-* 
provements in other sciences, were brought into play. 
Extensive knowledge, intense thought, land great 
ingenuity, were requisite in the astronomical instru- 
ment maker. Instead of ranking with artisans, he 
became a man of science, sharing the honour and dig- 
nity of the astronomer himself. 

I. Measure of Angles , — Tycho Brahe was the first 
astronomer who acted upon a due appreciation of the 
importance of good instruments. The collection of 
such at XJranflburg was by far the finest which had 
ever existed. He endeavoured to give steadiness to 
the frame, and accuracy to the division^ of his instru- 
ments. His Mural Quadrant was well adapted for 
this purpose; its radius was five cubits: it is clear, 
that as we enlarge the instrument we are enabled to 
measure smaller arcs. On this principle many larg^ 
gnomons were erected. Cassini’s celebrated one in the 
church of St, Petronius at Bologna, was eighty-three 
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feet (French) high. But this mode of obtaining accu- 
racy was soon abandoned'^or better methods. Three 
great improvements were introduced about the same 
time. The application of the Micrometer to the tele- 
scope, byHuyghens, Malvasia, and Auzoutj the appli- 
cation of the Telescope to the astronomical quadrant ; 
and the fixation of the center of its field by a Cross of 
fine wires placed in the focus by Gascoigne, and after- 
wards by Picard. We may judge how great was the 
improvement which these contrivances introduced into 
the art pf observing, by finding that Hevelius refused 
to adopt them because they would make all the old 
observations of no value. He had spbnt a laborious 
and active life in the exercise of the old methods, and 
could not bear to think that all the treasures which 
he had accumulated had lost their worth by the dis- 
covery of a new mine of richer ore. 

[2nd Ed.] [Littrow, in his Die Wunder des Him- 
mels, Ed. 2, pp. 684, 685, says that Gascoigne invented 
and used the telescope with wires in the common focus 
of the lenses in 1640. He refers to Phil. Trans, xxx. 
603. Picard reinvented this arrangement in 1667. I 
*have already spoken of Gascoigne as the inventor of 
the micrometer. ^ 

Homer ‘(already mentioned, p. 199) brought into 
use the Transit Instrument, and the employment of 
complete Circles instead of the Quadrants used till 
then ; and by these means gave to practical astronomy 
a new form, of which the full value was not discovered 
till long afterwards.] 

The apparent place of the object in the instrument 
being so precisely determined by the new methods, 
the exact Division of the arc into degrees and their 
subdivisions became a matter of great consequence. 
A series of artists, principally Eijglish, have acquired 
distinguished places in the lists of scientific fame by 
their performances in this way ; and from that period, 
particular instrun^^ents have possessed historical interest 
and individual reputation. Graham was one of the 
first of these artists. He executed a great Mural Arc 
for Halley at Greenwich ; for Bradley he constructed 
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the Sector which detected aberration. He also made 
the Sector which the French academicians carried to 
Lapland ; and probably the goodness of this instru- 
ment, compared with the imperfection of those which 
were sent to Peru, was one main cause of the great 
difference of duration in the two series of observations. 
Bird, somewhat later, ^ (about 1750,) divided several 
Quadrants for public observatories. His method of 
dividing was considered so perfect, that the knowledge 
of it was purchased by the English government, and 
published in 1767. liamsden was equally celebrated. 
The errour of one of his best Quadrants (that at Padua) 
is said to be never greater than two seconds. But at 
a later period, Bamsden constructed Mural Circles only, 
holding this to be a kind of instrument far superior to 
the quadrant. He made one of five feet diameter, in 
1788, for M. Piazzi at Palermo; and one of eight feet 
for the observatory of Dublin. Troughton, a worthy 
successor of the artists we have mentioned, has in- 
vented a method of dividing the circle still superior to 
the former ones; indeed, one which is theoretically 
perfect, and practically capable of consummate accu- 
racy. In this way, circles have been constructed for 
Greenwich, Armagh, Cambridge, and many other 
places; and probably this method, carefull/ applied, 
ofiers to the astronomer as much exactness as his other 
implements allow him to receive; but the slightest 
casualty ha])pening to such an instrument, after it has 
been constructed, or any doubt whether the method of 
graduation has been rightly applied, makes it unfit for 
the jealous scrupulosity of modern astronomy. 

The English artists sought to attain accurate mea- 
surements by continued bisection and other aliquot 
subdivision of the limb of their circle ; but Mayer pro- 
posed to obtain this end otherwise, by repeating the 
measure on difierent parts of the circumference tiJJ the 
errour of the division becomes unimportant, instead of 
attempting to divide an instrument ^without en'our. 
This invention of the Repeating Circle was zealously 
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adopted by the French, and the relative superiority of 
the rival methods is still a matter of difference of 
opinion. 

[2nd Ed.] [In the series of these great astrono- 
mical mechanists, we must also reckon George Reich- 
enbach. He was born Aug. 24, i^^2, at Durlach; 
became Lieutenant of Artillery in the Bavarian Ser- 
vice in 1794; (Salinenrath) Commissioner of Salt- 
works in 1811; and in 1820, First Commissioner of 
Water* works and Roads. He became, with Fraun- 
hofer, ^he ornament of the mechanical and optical 
Institute erected in 1805 at Benedictbeuern by Utz- 
schneider ; and his astronomical instruments, meridian 
circles, transit instruments, equatorials, heliometers, 
make an epoch in Observing Astronomy. His con- 
trivances in the Salt-works 'at Berchtesgaden and 
Reichenhall, in the Arms Manufactory at Amberg, 
and in the works for boring cannon at Vienna, are 
enduring monuments of his rare mechanical talent. 
He died May 21, 1826, at Munich.] 

2. Clocks . — The improvements in the measures of 
space require corresponding improvements in the mea- 
sure of time. The beginning of anything which we 
can call accuracy, in this subject, was the application 
of the Pendulum to clocks, by Huyghcns, in 1656. 
That the successive oscillations of a pendulum occupy 
equal times, had been noticed by Galileo ; but in order 
to take advantage of this property, the pendulum must 
be connected with machinery by which its motion is 
kept from languishing, and by wl)ich tlie number of 
its swings is recorded. By inventing such machinery, 
Huyghens at once obtained a measure of time more 
accurate than the sun itself. Hence fctronomers were 
soon led to obtain the right ascension of a star, not di- 
rectly, by measuring a Distance in the heavens, but indi- 
rectly, by observing the Moment of its Transit. This 
observation is now made with a degree of accuracy 
which might, at Jirst sight, appear beyond the limits of 
human sense, being noted toa tenth of a second of time: 
but we may explain this, by remarking that though 
the number of the second at which the transit happens 
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is given by the clock, and is reckoned according to the 
course of time, the subdivision of the second of time 
into smaller fractions is performed by the eye, — by 
seeing the space described by the heavenly body in a 
whole second, and hence estimating a smaller time, 
according to the sj)ace which its description occupies. 

But in oi'der to make clocks so accurate as to justify 
this degree of precision, their construction was im- 
proved by various persons in succession. Picard soon 
found that Huyghens’ clocks were affected in their 
going by temperature, for heat caused expansign of the 
metallic pendulum. This cause of erroui* was remedied 
by combining different metals, as iron and copper, 
which expand in a different degree, in such a way that 
their effects compensate each other. Graham after- 
wards used quicksilver for the same pui'pose. The 
E 8 caj)eimnt too, (which connects the force which impels 
the clock with the pendulum which regulates it,) and 
other parts of the machinery, had the most refined 
mechanical skill and ingenuity of the best artists con- 
stantly bestowed upon them. The astronomer of the 
present day, constantly testing the going of such a 
clock by the motions of the fixed stars, has a scale of 
time as stable and as minutely exact as the scales on 
which he measures distance. • 

The construction of good Watches, that is, portable 
or marine clocks, was important on another account, 
namely, because they might be used in determining 
the longitude of places. Hence the improvement of 
this little machine became an object of national inte- 
rest, and was included in the reward of 20,000^. which 
we have already noticed as offered by the English par- 
liament for thePdiscovery of the longitude. Harrison,® 
originally a carpenter, turned his mind to this subject 
with tiuccess. After thirty years of labour, in which 
he was encouraged Sy many eminent persons, he pro- 
duced, in 1758, a time-keeper^ which was sent on A 
voyage to Jamaica for trial. After 16 1 days, the 
errour of the watch was only one mmute five seconds, 
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and the artist received from the nation 5000^. At a 
later period,^ at the age of seventy-five years, after a 
life devoted to this object, having still further satisfied 
the commissioners, he received, in 1765, io,ooo^., at 
the same time that Euler and the heirs of Mayer 
received each 3000Z. for the lunar tables which they 
had constructed. 

The two methods of finding the longitude, by Chro- 
nometers and by Lunar Observations, have solved the 
problem for all practical purposes ; but the latter 
could n^t have been employed at sea without the aid 
of that invaluable instrument, the Sextant, in which 
the distance of two objects is observed, by bringing 
one to coincide apparently with the reflected image of 
the other. This instrument was invented by Hadley, 
in 1731. Though the problem of finding the longitude 
be, in fact, one of geography rather than astronomy, it 
is an application of astronomical science which has so 
materially affected the progress of our knowledge, that 
it deserves the notice we have bestowed upon it. 

3. Telescopes , — We have spoken of the application 
of the telescope to astronomical measurements, but not 
of the improvement of the telescope itself. If we 
endeavour to augment the optical power of this instru- 
ment, wet run, according to 'the path w^e take, into 
various inconveniences; — distortion, confusion, want 
of light, or coloured images. Distortion and confusion 
are produced, if we increase the magnifying power, 
retaining the length and the aperture of the object- 
glass. If we diminish the aperture we sufier from loss 
of light. What remains then is to increase the focal 
length. This was done to an extraordinary extent, in 
telescopes constructed in the beginning of the last cen- 
tury. Huyghens, in his first attempts, made them 22 
feet long afterwards, Campani, by order of Louis the 
Eourteenth, made them of 86, 100, and 136 feet. 
•Huyghens, by new exertions, made a telescope 210 
feet long. Auzout and Hartsoecker are said to have 
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gone much further, and to have succeeded in making 
an object-glass of 600 feet focus. But even such tele- 
scopes as those of Campani are almost unmanageable : 
in that of Huyghens, the object-glass was placed on a 
pole, and the observer was placed at the focus with an 
eye-glass. 

The most serious objection to the increase of the 
aperture of object-glasses, was the coloration of the 
image produced, in consequence of the unequal refran- 
gibility of differently-coloured rays. Newton, w'ho 
discovered the principle of this defect in ler^es, had 
maintained that tlie evil was irremediable, and that a 
comj)Ound lens could no more refract without pro- 
ducing colour, than a single lens could. Euler and 
Klingenstierna doubted the exactness of Newton’s 
proposition; and, in 1755, Dollond disproved it by 
experiment. This discovery pointed out a method of 
making object-glasses which should give no colour; — 
which should be achronmtlc. For this purpose Dol- 
lond fabricated various kinds of glass (flint and crown 
glass); and Clairaut and D’Alembert calculated for- 
mulae. Dollond and his son^ succeeded in constmeting 
telescopes of three feet long (with a triple object-glass) 
which produced an effect as great as those of forty-five 
feet on the ancient principles. At first it wasiconceived 
that these discoveries opened the way to a vast exten- 
sion of the astronomer’s power of vision ; but it was 
found that the most material improvement was the 
compendious size of the new instruments; for, in 
increasing the dimensions, the optician was stopped by 
the impossibility of obtaining lenses of flint-glass of 
very large dimensions. And this branch of art re- 
mained long st^ionar}’"; but, after a time, its epoch 
of advance again arrived. In the present century, 
Fraunhofer, at Munich, vrith the help of* Guinand and 
the pecuniary supporTi of Utzschneider, succeeded in 
forming lenses of flint-glass of ji magnitude till then * 
unheard of. Achromatic object-glasses, of a foot in 
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diameter, and twenty feet focal length, are now no 
longer impossible; although in such attempts the artist 
cannot reckon on certain success. 

[2nd Ed.] [J oseph Fraunhofer was born March 6, 
1787, at Straubing in Bavaria, the son of a poor gla^ei;. 
He was in his earlier years employed in his father’s 
trade, so that he was not able to attend school, and 
remained ignorant q§. writing and arithmetic till his 
fourteenth year. At a later period he was assisted by 
TJtzschneider, and tried rapidly to recover his lost 
ground.# In the year 1806 he entered the establish- 
ment of TJtzschneider as an Optician. In this esta- 
blishment (transferred from Benedictbeuern bo Munich 
in 1819) he soon came to be the greatest Optician of 
Germany. His excellent telescopes and microscopes 
are known throughout Euroj)e. His greatest telescope, 
that in the Observatory at Dorpat, has an object-glass 
of 9 inches diameter, and a focal length of 13,^ feet. 
His written productions are to be found in the Me- 
inoirs of the Bavarian Academy, in Gilbert’s Annalen 
derPhysik, and in Schumacher’s Astronomische Nach- 
richten. He died the 7th of June, 1826.] 

Such telescopes might be expected to add something 
to our knowledge of the heavens, if they had not been 
anticipated by reflectors of an equal or greater scale. 
James Gregory had invented, and Newton had more 
efficaciously introduced, reflecting telescopes. But 
these were not used with any peculiar effect, till the 
elder Herschel made them his especial study. His 
skill and perseverance in grinding specula, and in con- 
triving the best apparatus for their use, were rewarded 
by a number of curious and striking discoveries, among 
which, as we have already related, was the discovery 
of a new planet beyond Saturn. In 1789, Herschel 
surpassed all his former attempts, by bringing into 
actiqn a reflecting telescope of forty feet length, with 
* a speculum of four feet in diameter. The first appli- 
cation of this magnificent instrument showed a new 
satellite (the sixth) of Saturn. He and his son have, 
with reflectors of twenty feet, made a complete survey 
of the heavens, so far as they are visible in this country; 
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and the latter is now in a distant region completing 
this survey, by adding to it the other hemisphere. 

In spesdcing of the improvements of telescopes we 
ought to notice, that they have been pursued in the 
eye-glasses as well as in the object-glasses. Instead of 
the single lens, Huyghens substituted an eye-piece of 
two lenses, which, though introduced for another pur- 
pose, attained the object of destroying colour.® Ra ms- 
den’s eye-piece is one fit to be used with a micrometer, 
and others of more complex construction have been 
used for various purposes. ^ 

Sect, 2. — Observatories, 

Astronomy, which is thus benefited by the erection of 
large and stable instruments, requires also the esta- 
blishment of permanent Observatories, supplied with 
funds for their support, and for that of the observers. 
Such observatories have existed at all periods of the 
history of the science ; but from the commencement of 
the period which we are now reviewing, they multi- 
])lied to such an extent that we cannot even enumerate 
them. Yet we must undoubtedly look upon such 
establishments, and the labours of which they have 
been the scene, as important and essential p^rts of tlie 
history of the progress of astronomy. Some of the 
most distinguished of the observatories of modern 
times we may mention. The first of these were that 
of Tycho Brahe at Uraniburg, and that of the Land- 
grave of Hesse Cassel, at Cassel, where Rothman and 
Byrgius observed. But by fixr the most important 
observations, at least since those of Tycho which were 
the basis of the discoveries of Kepler and Newton, 
have been made at Paris and Greenwich. The obser- 
vatory of Paris was built in 1667. It. was there that 
the first Cassini made many of his discoveries; three 
of his descendants have since laboured in theT same 
place, and two others of his family, the Maraldis;^ 
besides many other eminent astronbmers, as Picard, 
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La Hire, Lefevre, Fouchy, Lcgentil, Cliappc, Mechain, 
Bouvard. Greenwich observatory was built a few 
years later (1675); and ever since its erection, the 
observations thei*c made have been the foundation of 
the greatest improvements which astronomy, for the 
time, received. Flamsteed, Halley, Bradley, Bliss, 
Maskelyne, Pond, have occupied the place in succes- 
sion : on the retirement of the last-named astronomer 
in 1835, Professor Airy was removed thither from 
the Cambridge observatory. In every state, and in 
almost every principality in Euroj)e, Observatories 
have been established; but these have often fallen 
speedily into inaction, or have contributed little to the 
progress of astronomy, because their observations have 
not been published. From the same causes, the nu- 
merous juuvate observatories which exist throughout 
Euroije have added little to our knowledge, except 
where the attention of the astronomer has been directed 
to some definite points ; as, for instance, the magnificent 
labours of the Herschels, or the skilful observations 
made by Mr. Pond with the Westbury circle, which 
first pointed out the errour of graduation of the Green- 
wich quadrants. The Observations, now regularly 
j)ublished,^ are those of Greenwich, begun by Maske- 
lyne, and continued quarterly by Mr. Pond; those of 
Kdnigsberg, published by Bessel since 1814 ; of Vienna, 
by Littrow since 1820; of Speier, by Schwerd since 
1826; those of Cambridge, commenced by Airy in 
1828; of Armagh, by Hobinson in 1829. Besides 
these, a number of useful observations have been imb- 
lished in journals and occasional forios ; as, for instance, 
those of Zach, made at Seeberg, near Gotha, since 
1788; and others have been employed in forming 
catalogues, of which we shall speak shortly. 

[2nd Ed.] [I have left the statement of published 
Observations in the text as it stood originally. I 
believe that at present ^(1847) the twelve places con- 
tained in the following list publish their Observa- 
tions quite regularly, or nearly so ; — Greenwich, 
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Oxford, Cambridge, Yienna, Berlin, Dorpat, Munich, 
Geneva, Pans, Konigsberg, Madras, the Cape of Good 
Hope. 

Littrow, in his translation, adds to the publications 
noticed in the text as containing astronomical Obser- 
vations, Zach’s Monatlicive Correspondenz, Lindenaii 
and Bohnenberger’s Zeitschrift fur Astronomies Bode’s 
Astronomisches Jahrhuchs Schumacher’s Astronomische 
Nachrichten.^ 

Nor has the establishment of observatories been 
confined to Europe. In 1786, M. de Beauchamp, at 
the exj)cnso of Louis the Sixteenth, erected an obser- 
vatory at Bagdad, ‘ built to restore the Chaldean and 
Arabian observations,’ as the inscription stated ; but, 
probably, the restoration once efiected, the main inten- 
tion had been fulfilled, and little perseverance in ob- 
serving was thought necessary. In 1828, tlie British 
government completed the building of an observatory 
at the Cai)e of Good Hope, which Lacaille had already 
made an astronomical station by his observations there 
at an earlier period (1750) ; and an observatory formed 
in New South Wales by Sir T. M. Brisbane in 1822, 
and presented by him to the government, is also in 
activity. The East India Company has founded obser- 
vatories at Madras, Bombay, and St. H#)lena; and 
observations made at the former of these places, and 
at St. Helena, have been published. 

The bearing of the work done at such obser\ atories 
upon the past progress of astronomy, has already been 
seen in the preceding narrative. Their bearing upon 
the present condition of the science will be the subject 
of a few remarks hereafter. 

Sect. '^.—Scientific Societies. 

The .influence of Scientific Societies, or Academical 
Bodies, has also been very powerful in the subject 
before us. In all branches of knowledge, the use of 
such associations of studious and* inquiring men is 
great; the clearness and coherence of a speculator’s 
ideas, and their agreement with facts, (the two inaiii' 
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conditions of scientific truth,) are severely but bene- 
ficially tested by collision with other minds. In astro- 
nomy, moreover, the vast extent of the subject makes 
requisite the division of labour and the supj)ort of 
sympathy. The Royal Societies of London and of 
Paris were founded nearly at the same time as the 
metropolitan Observatories of the two countries. We 
have seen what constellations of philosophers, and what 
activity of research, existed at those periods; these 
philosophers appear in the lists, their discoveries in 
the publications, of the above-mentioned eminent So- 
cieties. 5 As the progress of physical science, and prin- 
cipally of astronomy, attracted more and more admi- 
ration, Academies were created in other countries. 
That of Berlin was founded by Leibnitz in 1710; that 
of St. Petersburg was established by Peter the Great 
in 17 25 ; and both these have produced highly valuable 
Memoirs. In more modern times these associations 
have multiplied almost beyond the power of estima- 
tion. They have been formed according to divisions, 
both of locality and of subject, conformable to the 
present extent of science, and the vast population of 
its cultivators. It would be useless to attempt to give 
a view either of their number or of the enormous 
mass of scigiitific literature which their Transactions 
present. But we may notice, as specially connected 
with our present subject, the Astronomical Society of 
London, founded in 1820, which gave a strong impulse 
to the pursuit of the science in England. 

Sect. 4. — Patrons of Astronomy. 

The advantages which letters and phil*osophy derive 
from the patronage of the great have sometimes been 
questioned; that love of knowledge, it has been thought, 
cannot be genuine wliich requires such stimulation, 
ngr those speculations free and true which are thus 
forced into being. In the sciences of observation and 
calculation, however, in which disputed questions can 
be experimentally decided, and in which opinions are 
not disturbed by men’s practical principles and interests, 
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tliere is nothing necessarily operating to poison or 
neutralize the resources which wealth and power supply 
to the investigation of truth. 

Astronomy has, in all ages, flourished under the 
favour of the rich and powerful; in the period of 
which we speak, this was eminently the case. Louis 
the Fourteenth gave to the astronomy of France a 
distinction which, without him, it could not have 
attained. No step perhaps tended more to tliis than 
his bringing the celebrated Dominic Cassini to Paris. 
This Italian astronomer (for he was born at Permaldo, 
in the county of Nice, and was professor at bologna,) 
was already in possession of a brilliant reputation, 
when the French ambassador, in the name of his 
sovereign, applied to Pope Clement the Ninth, and to 
the senate of Bologna, that he should be allowed to 
remove to Paris. The request ‘was granted only so 
far as an absence of six years ; but at the end of that 
time, the benefits and honours which the King had 
conferred upon him, fixed him in France. The impulse 
which his arrival (in 1669) and his residence gave to 
astronomy, showed the wisdom of the measure. In 
the same spirit, the French government drew to Paris 
Rbmer from Denmark, Huyghens from Holland, and 
gave a pension to Hevelius, and a large s)^m when his 
observatory at Dantzic had been destroyed by fire in 
1679. 

When the sovereigns of Prussia and Russia were 
exerting themselves to encourage the sciences in their 
countries, they followed the same course which had 
been so successful in France. Thus, as we have said, 
the Czar Peter took Delisle to Petersburg in 1725; 
the celebrate Frederic the Great drew to Berlin, 
Voltaire and Maupertuis, Euler and Lagrange ; and the 
Empress Catharine obtained in the* same way Euler, 
two of the Bernoullis, and other mathematicians. In 
none of these instances, however, did it liap{)en that 
‘ the generous plant did still its stock renew,’ as we 
have seen was the case at Paris, with the Cassinis, and 
their kinsmen the Maraldis. 

[2nd Ed.] [I may notice among instances of the 
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patronage of Astronomy, the reward at present offered 
by the King of Denmark for the discovery of a 
Comet.] 

It is not necessary to mention here the more recent 
cases in which sovereigns or statesmen have attempted 
to patronize individual astronomei’s. 

Sect. 5 . — Astrommical Exi^editlovis. 

Besides the pensions thus bestowed upon resident 
mathematicians and astronomers, the governments of 
Europe have wisely and usefully employed considerable 
sums upon expeditions and travels undertaken by men 
of science for some appropriate object. Thus Picard, 
ill 1671, was sent to IJraniburg, the scene of Tycho’s 
observations, to determine its latitude and its longi- 
tude. He found that ‘ the City of the Skies’ had utterly 
disappeared from the earth ; and even its foundations 
were retraced with difficulty. With the same object, 
that of accurately connecting the labours of the places 
which had been at different periods the metropolis of 
astronomy, Cliazelles was sent, in 1693, to Alexandria. 
We have already mentioned Richer’s astronomical 
expedition to Cayenne in 1672. Yarin and Deshayes^ 
were sent a £ew years later into the same regions for 
similar purposes. Halley’s expedition to St. Helena 
in 1677, with the view of observing the southern stars, 
was at his own expense; but at a later period (in 
1698,) he was appointed to the command of a small 
vessel by King William the Third, in order that he 
might make his magnetical observations in all parts of 
the world. Lacaille was maintained by the French 
government four years at the Cape of* Good Hope 
(1750-4,) for the purpose of observing the stars of the 
southern hemisphere. The two transits of Venus in 
1761 and 1769, occasioned expeditions to be sent to 
Kamtschatka and Tobolsk by the Russians; to the 
Isle of France, and to Coromandel, by the French;^® 
to the isles of St. Helena and Otaheite by the English ; 
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to Lapland and to Drontheim, by the Swedes and 
Danes. I shall not here refer to the raeasures of degrees 
executed by various nations, still less the innumerable 
surveys by land and sea; but I may just notice the 
successive English expeditions of Captains Basil Hall, 
Sabine, and Foster, for the purpose of determining the 
length of the seconds’ pendulum in different latitudes ; 
and the voyages of M. Biot and others, sent by the 
French government for the same purpose. Much has 
been done in this way ; but not more than the progress 
of astronomy absolutely required ; and onl^ a small 
portion of that which the completion of the subject 
calls for. 


Sect. 6. — Present State of Astronomy. 

Astronomy, in its present condition, is not only much 
the most advanced of the sciences, but is also in far 
more favourable circumstances than any other science 
for making any future advance, as soon as this is pos- 
sible. The general methods and conditions by which 
such an advantage is to be obtained for the various 
sciences, we shall endeavour hereafter to throw some 
light upon ; but in the mean time, we may notice hei’e 
some of the circumstances in which this jjeculiar feli- 
city of the present state of astronomy may be traced. 

The science is cultivated by a number of votaries, 
with an assiduity and labour, and with an expenditure 
of private and public resources, to which no other 
subject approaches; and the mode of its cultivation in 
all public and most private observatories, has this 
character; that it forms, at the same time, a constant 
process of vemfication of existing discoveries, and a 
strict search for any new discoverable laws. The ob- 
servations made are immediately referred to the best 
tables, and corrected by the best formulje which are 
known ; and if the result of such a reduction^ leaves 
anything unaccounted for, the* astronomer is forthwith 
curious and anxious to trace this deviation from the 
expected numbers to its rule and its origin; and till 
the first, at least, of these things is performed, he is 
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dissatisfied and unquiet. The reference of observations 
to the state of the heavens as known by previous 
researches, implies a great amount of calculation. The 
exact places of the stars at some standard period are 
recorded in Catalogues; their movements, according to 
the laws hitherto detected, are arranged in Tables; 
and if these tables are applied to predict the numbers 
which observation on each day ought to give, they 
form Ephemerides. Thus the catalogues of fixed stars 
of Flamsteed, of Piazzi, of Maskelyne, of the Astro- 
nomical Society, are the basis of all observation. To 
these are applied the Corrections for Refraction of 
Bradley or Bessel, and those for Aberration, for Nuta- 
tion, for Precession, of the best modern astronomers. 
The observations so corrected enable the observer to 
satisfy himself of the delicacy and fidelity of his 
measures of time and space; his Clocks aiid his Arcs. 
But this being done, different stars so observed can be 
compared with each other, and the astronomer can then 
endeavour further to correct his fundamental Elements ; 
— ^his Catalogue, or his Tables of Corrections. In 
these Tables, though previous discovery has ascertained 
the law, yet the exact quantity, the constant or coeffi- 
cient of the formula, can be exactly fixed only by 
numerous ^observations and comparisons. This is a 
labour which is still going on, and in which there are 
differences of opinion on almost every point ; but the 
amount of these differences is the strongest evidence 
of the certainty and exactness of those doctrines in 
which all agree. Thus Lindenau makes the coefficient 
of Nutation rather less than nine seconds, which other 
astronomers give as about nine seconds and three 
tenths. The Tables of Refraction are still the subject 
of much discussion, and of many attempts at improve- 
ment. And after or amid these discussions, arise 
questions whether there be not bther corrections of 
vhich*the law has not yet been assigned. The most 
remarkable example of such questions is the contro- 
versy concerning the existence of an Annual Parallax 
of the fixed stars, which Brinkley asserted, and which 
Pond denied. Such a dispute between two of the best 
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modem observers, only proves that the quantity in 
question, if it really exist, is of the same order as the 
hitherto unsurmounted errors of instruments and cor- 
rections. 

[2nd Ed.] [The belief in an appreciable parallax of 
some of the fixed stars appears to gain ground among 
astronomers. The parallax of 61 Gygni, as determined 
by Bessel, is o"*34 ; about one third of a second, or 
i-ioooo of a degree. That of a Centauri, as deter- 
mined by Maclear, is o"*9, or 1-4000 of a degree.] 

But besides the fixed stars and their corrections, 
the astronomer has the motions of the planets for his 
field of action. The established theories liave given us 
tables of these, from which their daily places are cal- 
culated and given in our Ephemerides, as the Berliner 
Jahrhuch of Encke, or the Nautical AhnanaCy published 
by the government of this country, the Connaissance 
des Terns which appear at Paris, or the Effemeridi 
di Milano, The comparison of the observed with 
the tabular place, gives us the means of correcting 
the coefficients of the tables; and thus of obtaining 
greater exactness in the constants of the solar system. 
But these constants depend upon the mass and form 
of the bodies of which the system is composed; and 
in this province, as well as in sidereal astronomy, 
different determinations, obtained by difmrent palths, 
may be compared ; and doubts may be raised and 
may be solved. In this way, the perturbations pro- 
duced by Jupiter on different planets gave rise to a 
doubt whetlier his attraction be really proportional 
to his mass, as the law of universal gravitation 
asserts. The doubt has been solved by Nicolai and 
Encke in Germany, and by Airy in England. The 
mass of Jupiter, as shown by the perturbations of 
Juno, of Vesta, and of Encke’s Comet, and by the mo- 
tion of his outermost Satellite, is found to agree, though 
different from the mass previously received 'on the 
authority of Laplace. Thus also Burckhardt, Littrow, 
and Airy, have corrected the elefoents of the Solar 
Tables. In other cases, the astronomer finds that no 
change of the coefficients will bring the Tables and the 
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observations to a coincidence ; — that a new term in 
the formula is wanting. He obtains, as far as he can, 
the law of this unknown term ; if possible, he traces 
it to some known or probable cause. Thus Mr. Airy, 
in his examination of tlie Solar Tables, not only found 
that a diminution of the received mass of Mars was 
necessary, but perceived discordances which led him to 
suspect the existence of a new inequality. Such an 
inequality was at length found to result theoretically 
from the attraction of Venus. Encke, in his examina- 
tion of his comet, found a diminution of the periodic 
time in ‘'the successive revolutions ; from which he 
inferred the existence of a resisting medium. Uranus 
still deviates from his tabular place, and the cause 
remains yet to be discovered. (But see the Additions 
to this volume.) 

Thus it is impossible that an assertion, false to any 
amount which the existing state of observation can 
easily detect, should have any abiding prevalence in 
astronomy. Such errours may long keep their ground 
in any science which is contained mainly in didactic 
works, and studied in the closet, but not acted upon 
elsewhere ; — which is reasoned upon much, but brought 
to the test of experiment rarely or never. Here, on 
the contrary, an errour, if it arise, makes its way into 
the Tables, into the Ephemeris, into the observer’s 
nightly List, or his sheet of Reductions ; the evidence of 
sense flies in its face in a thousand observatories; the 
discrepancy is traced to its source, and soon disappears 
for ever. 

In this favouijed branch of knowledge, the most 
recondite and delicate discoveries can no more sufier 
doubt or contradiction, than the most ^palpable facts 
of sense which the face of nature oflers to our notice. 
The last great discovery in astronomy, — the motion of 
the stars arising from Aberration, --^is as obvious to the 
vast peculation of astronomical observers in all parts 
of the world, as the motion of the stars about the pole 
is to the casual night-wanderer. And this immunity 
from the danger of any large errour in the received 
doctrines, is a firm platform on which the astronomer 
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can stand and exert himself to reach perpetually further 
and further into the region of the unknown. 

The same scrupulous care and diligence in record- 
ing all that has hitherto been ascertained has been 
extended to those departments of astronomy in which 
we have as yet no general principles which serve to 
bind together our acquired treasures. These records 
may be considered as constituting a Descriptive Astro- 
nomy] such are, for instance, Catalogues of Stars, and 
Maps of the Heavens, Maps of the Moon, representa- 
tions of the appearance of the Sun and Planets^ as seen 
through powerful telescopes, pictures of Nebulae, of 
Comets and the like. Thus, besides the Catalogue of 
Fundamental Stars which may be considered as stan- 
dard points of reference for all observations of the 
Sun, Moon, and Planets, there exist many large cata- 
logues of smaller stars. Flamsteed’s Historia Celestis, 
which much surpassed any previous catalogue, contained 
above 3000 stars. But in 1801, the French Histoire 
GUeste appeared, comprising observations of 50,000 
stars. • Catalogues or charts of other special portions 
of the sky have been published more recently ; and in 
1825, the Berlin Academy proposed to the astrono- 
mers of Europe to carry on this work by portioning 
out the heavens among them. . 

[2nd Ed.] [Before Flamsteed, the best Catalogue 
of the Stars was Tycho Brahe’s, containing the places 
of about 1000 stars, determined very roughly with the 
naked eye. On the occasion of a project of finding 
the longitude, which was offered to Charles II., in 
1674, Flamsteed represented that tl^ method was 
quite useless, in consequence, among other things, of 
the inaccuracy q £ Tycho’s places of the stars. Flam- 
steed’s letters being shown King Charles, he was 
startled at the assertion of the fixed stars’* places being 
false in the Catalogue J and said, with some vehemence, 
‘He must have them anew observed, examined* and 
corrected, for the use of his seamen.’ This was the 
immediate occasion of building Gremiwich Observa- 
tory, and placing Flamsteed there as an observer, 
Flamsteed’s Historia Celestis contained above 3000 

VOL. II. Q 
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stars, observed with telescopic sights. It has recently 
been republished with important improvements by 
Mr. Baily. See Baily’s Flamsteed, p. 38. 

The French IJistoire Celeste was published in 1801 
by Lalande, containing 50,000 stars, simply as observed 
by himself and other French astronomers. The reduc- 
tion of the observations contained in this Catalogue 
to the mean places at the beginning of the year 1800 
may be effected by means of Tables published by 
Schumacher for that purpose in 1825. 

In 1807, Piazzi’s Catalogue of 6748 stars, founded 
on Maskelyne’s Catalogue of 1700, was published; 
afterwards extended to 7646 stars in 1814. This is 
considered as the greatest work undertaken by any 
modern astronomer; the observations being well ma^c, 
reduced, and compared with those of former astrono- 
mers. Piazzi’s Catalogue is the standard and accurate 
Catalogue, as the Histoire Celeste is the standard ap- 
proximate Catalogue for small stars. But the new 
planets were discovered mostly by a comparison of the 
heavens with Bode’s (Berlin) Catalogue. ♦ 

I may mention other Catalogues of Stars which have 
recently been published. Pond’s Catalogue contains 
1 1 12 Northern stars; Johnsons, 6a6; Wrottesley’s, 
1318 (in flight Ascension only); Aiiy’s First Cam- 
bridge Catalogue, 726; his Greenwich Catalogue, 
1439. Pearson’s has 520 zodiacal stars; Groom- 
bridge’s, 4243 circumpolar stars as far as 50 degrees of 
North Polar distance; Santini’s, a zone 18 degrees 
North of the equator. Besides these, Mr. Taylor has 
published, by o^er of the Madras government, a Cata- 
logue of 11,000 stars observed by him at Madras; and 
Bumker, who observed in the Observa'oory established 
by Sir Thomas Brisbane at Paramatta, (in Australia,) 
has commenced a Catalogue which is to contain 12,000. 
Mr. Baily published two Standard Catalogues ; that of 
+he Koval Astronomical Society, containing 2881 stars; 
and that of the British Association, containing 8377 
stars. I omit other Catalogues, as those of Argelander, 
&c., and Catalogues of Southern Stars. 

Of the Berlin Maps, fourteen hours in Eight Ascen- 
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sion have been published: and their value may be 
judged of by this circumstance, that it was in a great 
measure by comparing the heavens with these Maps 
that the new planet Astrsea was discovered. The 
Zone observations made at Konigsberg, by the late 
illustrious astronomer Bessel, deserve to be mentioned, 
as embracing a vast number of stars. 

The common mode of designating the Stars is founded 
upon the ancient constellations as given by Ptolemy; 
to which Bayer, of Augsburg, in his Uranometria, 
added the artifice of designating the brightest stars in 
each constellation by the Greek letters, a, p, y, <kc. 
applied in ordei* of brightness, and when these were 
exhausted, the Latin letters. Flamsteed used num- 
bers. As the number of observed stars increased, 
various methods wore employed for designating them ; 
and the confusion which has been thus introduced, 
both with regard to the boundaries of the constella- 
tions and the nomenclature ox the stars in each, has 
been much complained of lately. Some attempts have 
been made to remedy this variety and disorder. M. 
Argelandcr has recently recorded stars, according to 
their magnitudes as seen by the naked eye, in a Neue 
U ranometrie. 

Among representations of the Moon I m%y mention 
Hevelius s Selenographiay a work of former times, and 
Beer and Madler’s Map of the Moon, recently pub- 
lished.] 

I have already said something of the observations 
of the two Herscliels on Double Stars, which have 
led to a knowledge of the law of revolution o 
such systems. But besides these, the same illustrious 
astronomers hs^'e accumulated enormous treasures of 
observations of Nebulae; the materials, it may be, 
hereafter, of some vast new generalization with respect 
to the history of the 'system of the universe. 

[2nd Ed.] [A few measures^ of Double Stars are tef 
be found in previous astronomical records. But the 
epoch of the creation of this part*of the science of 
astronomy must be placed at the beginning of the 
present century, when Sir William Herschel (in 1802) 
<2 2 
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published in the Phil. Trans, a Catalogue of 500 new 
Nebulse of various classes, and in the Phil. Trans, 
1803, a paper ‘ On the changes in the relative situa- 
tion of the Double Stars in 25 years.’ In succeeding 
papers he pursued the subject. In one in 1814 he 
noticed the breaking up of the Milky Way in different 
places, apparently from some principle of Attraction ; 
and in this, and in one in 1817, he published those 
remarkable views on the distribution of the stars in 
our own cluster as forming a large stratum, and on 
the conijiexioii of stars and nebuloe (the stars appearing 
sometimes to be accompanied by nebulie, sometimes to 
have absorbed a part of the nebula, and sometimes to 
have been formed from nebulae) which have been ac- 
cepted and propounded by others as tha Nebular Theory . 
Sir William Herschers last paper was a Catalogue of 
145 new Double Stars communicated to the Astrono- 
mical Society in 1822. In 1827 M. Struve, of Dorpat, 
(in Russia,) published his Cataloyus Novus, containing 
the places of 3112 double stars. While this was going 
on. Sir John Herschel and Sir James South published 
(in the Phil. Trans. 1824) accurate measures of 380 
Double and Triple Stars, to which Sir J. South after- 
wards added 458. Mr. Dunlop published measures of 
253 Southern Double Stars. Other Observations have 
been published by Capt. Smyth, Mr. Dawes, &c. The 
great work of Struve, Mensurce Micronietricce^ (fee. 
contains 3134 such objects, including most of Sir W. 
Herschel’s Double Stars. Sir J. Herschel in 1826, 7 
and 8 presented to the Astronomical Society about 
1000 ineasure^l^f Double Stars; and in 1830, good 
measures of 1236, made with his 20-feet reflector. 
His paper in Vol. v. of the Ast. So&. Mem. besides 
measures of 364 such stars, exhibits all the most 
striking results, as to the motion of Double Stars, 
which have yet been obtained. * In 1835 he carried 
his 20-feet reflector to^the Cape of Good Hope for the 
purpose of completing the survey of Double Stars and 
Nebulae in the southern hemisphere with the same 
instruments which had explored the northern skies. 
He returned from the Cape in 1838, and is now 
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(1846) about to give the world the results of his 
labours. Besides the stars just mentioned, his work 
will contain from 1500 to 2000 additional double 
stars; making a gross number of above 8000; in 
which of course are included a number of objects of 
no great scientific interest, but in which also are con- 
tained the materials of the most important discoveries 
which remain, to be made by astronomers. The pub- 
lication of Sir John Herschel’s great work upon 
Double Stars and Nebulae is looked for with eager 
interest by astronomers. • 

Of the observations of Nebulae we may say what has 
just been said of tlie observations of Double Stars ; — 
that tlicy probably contain the materials of important 
future discoveries. It is impossible not to regard these 
phenomena with reference to the Nebular Hypothesis, 
which has been propounded by Laplace, and much 
more strongly insisted upon by other persons; — 
namely, the hypothesis that systems of revolving ))la- 
nets, of which the Solar System is an example, arise 
from the gradual contraction and separation of vast 
masses of nebulous matter. Yet it does not appear 
that any changes have been observed in nebuhe which 
tend to confirm this hypothesis ; and the most power- 
ful telescope in the world, recently erected 1^ the Earl 
of Bosse, has given results which militate against the 
hypothesis ; inasmuch as it has shown that what ap- 
peared a diffused nebulous mass is, by a greater power 
of vision, resolved, in all cases yet examined, into 
separate stars. 

When astronomical phenomena af^ viewed witl^ 
reference to t|ie Nebular Hypothesis, they do not 
belong so properly to Astronomy, in the view here 
taken of it, as to Cosmogony. If such speculations 
should acquire any scientific value, we shall have to 
arrange them among those which I have called J*alcG~ 
tiological Sciences ; namely, these Sciences which con- 
template the universe, the earth, and its inhabitants, 
with reference to their historical changes and the 
causes of those changes.] 
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Along the skiey arch the goddess trode, 

And sought llarmonia’s august abode ; 

The universal plan, the mystic Four, 

Defines the figure of the palace-floor. 

Solid and square the ancient fabric stands, 
liaised by the labours of unnumbered hands. 
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The Secondary Mechanical Sciences. 

I N the sciences of Mechanics and Physical Astro- 
nomy, Motion and Force are the direct and 
primary objects of our attention. But there is 
another class of sciences in which we endeavour to 
reduce phenomena, not evidently mechanical, to a 
known dependence upon mechanical properties and 
laws. In the cases to which I refer, the facts do not 
present themselves to the senses as modifications of 
position and motion, but as secondary qualities^ which 
are found to be in some way derived from those 
pi’imary attributes. Also, in these cases, the pheno- 
mena are reduced to their mechanical laws and causes 
in a secondary manner; namely, by treating them as 
the operation of a medium inter])osed between the 
object and the organ of sense. These, then, we may 
call tSecondary Mechanical Sciences, The sciences of 
this kind which require our notice are those which 
treat of the sensible qualities, Sound, Light, and Heat; 
that is. Acoustics, Optics, and Thermotics. 

It will be recollected that our object is not by any 
means to give a full statement of all the additions 
which have been successively made to our knowledge 
on the subjects under review, or a complete list of 
the persons by whom such additions have been ma(^e ; 
but to present a view of the progress of each of those 
branches of knowledge as a theoretical science; — to 
point out the Epochs of the discovery of those general 
principles which reduce many fe,cts to one theory; and 
to note all that is most characteristic^nd instructive in 
the circumstances and persons which bear upon such 
Epochs. A history of any science, written with such 
objects, will not need to be long; but it will fail in its 
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purpose altogether, if it do not distinctly exhibit some 
well-marked and prominent features. 

We begin our account of the Secondary Mechanical 
Sciences with Acoustics, because the progress towards 
right theoretical views, was, in fact, made much earlier 
in the science of Sound, than in those of Light and of 
Heat ; and also, because a clear comprehension of the 
theory to which we are led in this case, is the best 
preparation for the difficulties (by no means incon- 
siderable) of the reasonings of theorists on the other 
subjects. 
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CHAPTER I. 

Prelude to the Solution of Problems in 
Acoustics. 

I N’ some measure the true theory of sound was 
guessed by very early speculators on the subject; 
though undoubtedly conceived in a very vSgue and 
wavering manner. That sound is caused by some 
motion of the sounding body, and conveyed by some . 
motion of the air to the ear, is an opinion which we j 
trace to the earliest times of physical pliilosophy. We 
may take Aristotle as the best expounder of this stage 
of opinion. In his Treatise On Sound and Hearing, 
he says, ‘ Sound takes place when bodies strike the 
air, not by the air having a form impressed upon it, 
{(TxnnaTL^ofievoy), as some think, but by its being 
moved in a corresponding manner; (probably he 
means in a manner corresponding to the impulse ;) the 
air being contracted, and expanded, and overtaken, 
and again struck by the impulses of the breath and of 
the strings. Eor when the breath falls upon and 
strikes the air which is next it, the air is carried for- 
wards with an impetus, and that which is contiguous 
to the first is carried onwards; so that the same voice 
spreads every way as far as the motion of the air takes 
place.’ 

As is the case with all such specimens of ancient 
physics, diffei^nt persons would find in such a state- 
ment very different measures of truth and distinct- 
ness. The admirers of antiquity iriight easily, by 
pressing the language closely, and using the light of 
modern discovery, detect in this passage afi exa^t 
account of the production anii propagation of sound ; 
while others might maintain that* in Aristotle’s own 
mind, there were only vague notions and verbal gene- 
ralizations. This latter opinion is very emphatically 
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expressed by Bacon.^ ‘ The collision or thrusting of 
air, which they will have to be the cause of sound, 
neither denotes the form nor the latent process of 
sound ; but is a term of ignorance and of superficial 
contemplation.’ Nor can it be justly denied, that an 
exact and distinct apprehension of the kind of motion 
of the air by which sound is diffused, was beyond the 
reach of the ancient philosophers, and made its way 
into the world long afterwards. It was by no 
means easy to reconcile the nature of such motion 
with obvious phenomena. For the process is not 
evident as motion; since, as Bacon also observes,^ it 
does not visibly agitate the flame of a candle, or a 
featlier, or any light floating substance, by which the 
slightest motions of the air are betrayed. Still, the 
jjersuasion that sound is some motion of the air, con- 
tinued to keep hold of men’s minds, and acquired addi- 
tional distinctness. The illustration e;nj)loyed by 
Vitruvius, in the following passage, is even now one of 
the best we can oflfer.^ ‘Voice is breath, flowing, and 
made sensible to the hearing by striking the air. It 
moves in infinite circumferences of circles, as when, by 
throwing a stone into still water, you produce innu- 
merable circles of waves, increasing from the center 
and spread? ng outwards, till the boundary of the space, 
or some obstacle, prevents their outlines from going 
further. In the same manner the voice makes its 
motion in circles. But in water the circle moves 
breadthways upon a level plain ; the voice proceeds in 
breadth, and also successively ascends in height.’ 

Both the comparison, and the notice of the dif- 
ference of the two cases, prove the architect to have 
had very clear notions on the subject ; which he further 
shows by comparing the resonance of the walls of a 
building to the disturbance of the outline of the waves 
of water when they meet with a boundary, and are 
thrown back. ‘ Therefore, as in the outlines of waves 
in water, so in th^ voice, if no obstacle interrupt the 

^ Historia Soni et Auditus^ vol. ix. p. 68. 

3 De Arch. v. 3- 


2 Ibid. 
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foremost, it does not disturb the second and the fol- 
lowing ones, so that all come to the ears of persons, 
whether high up or low down, without resonance. 
But when they strike against obstacles, the foremost, 
being thrown back, distiirb the lines of those which 
follow.’ Similar analogies were emj)loyed by the 
ancients in order to explain the occurrence of Echoes. 
Aristotle says,^ ‘ An Echo takes place, when the air, 
being as one body in consequence of the vessel which 
bounds it, and being prevented from being thrust 
forwards, is reflected back like a ball.’ Nothing mate- 
rial was added to such views till modem tim^. 

Thus the first conjectures of those who philosophized 
concerning sound, led them to an opinion concerning 
its causes and laws, which only required to be distinctly 
understood, and traced to mechanical principles, in 
order to form a genuine science of Acoustics. It was, 
no doubt, a work which required a long time and 
sagacious reasoners, to supply what was thus wanting; 
but still, in consequence of this peculiar circumstance 
in the early condition of the prevalent doctrine con- 
cerning sound, the history of Acoustics assumes a 
peculiar form. Instead of containing, like the history 
of Astronomy or of Optics, a series of generalizations, 
each including and rising above preceding generali^- 
tions; in this case, the highest generalization is in 
view from the first; and the object of the philosopher 
is to determine its precise meaning and circumstances 
in each example. Instead of having a series of inductive 
Truths, successively dawning on men’s minds, we have 
a seriqp of Explanations, in which certain experimental 
facts and laws are reconciled, as to their mechanical 
principles andiiheir measures, with the general doctrine 
already in our possession. Instead of having to travel 
gradually towards a great discovery, like Universal 
Gravitation, or Luminiferous Undulations, we take our 
stand upon acknowledged truths, the production and 
propagation of sound by the motion of bodies and of 
air ; and we connect these with other truths, the laws 
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^of motion and the known properties of bodies, as, for 
instance, their elasticity. Instead of Eiwchs of Dis- 
Xiovery, we have Solutions of Problems; and to these 
we must now proceed. 

We must, however, in the first place, notice that 
these Problems include other subjects than the mere 
production and propagation of sound generally. For 
such questions as these obviously occur: — what are 
the laws and cause of the differences of sounds; — of 
acute and grave, loud and low, continued and instan- 
taneous; — and, again, of the differences of articulate 
sounds, 'and of the quality of different voices and 
different instruments? The first of these questions, 
in particular, the real nature of the difference of acute 
and grave sounds, could not help attracting attention ; 
since the difference of notes in this respect was the 
foundation of one of the most remarkable mathe- 
matical sciences of antiquity. Accordingly, we find 
attempts to explain this difference in the ancient writers 
on music. In Ptolemy’s Harmonics^ the third Chapter 
of the first Book is entitled, ‘ How the acuteness and 
graveness of notes is produced;’ and in this, after 
noting generally the difference of sounds, and the 
causes of difference (which he states to be the force of 
the striking body, the physical constitution . of the 
body struc*fc, and other causes), he comes to the con- 
clusion, that ‘ the things 'which produce acuteness in 
sounds, are a greater density and a smaller size; the 
things which produce graveness, are a greater rarity 
I and a bulkier form.’ He afterwards explains this so 
I as to include a considerable portion of truth. • Thus 
; he says, ‘ That in strings, and in pipes, other things 
; remaining the same, those which are stopped at the 
1 smaller distance from the bridge give the most acute 
note; and in pipes, those notes which come through 
holes nearest to the mouth-hole are most acute.’ He 
Qven attempts a further generalization, and says that 
the greater acuteness arises, in fact, from the body 
being more tense; and that thus ‘hardness may 
counteract the effect of greater density, as we see that 
brass produces a more acute sound than lead.* But 
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this author’s notions of tension, since they were applied 
so generally as to inclade both the tension of a string, 
and the tension of a piece of solid brass, must neces- 
sarily have been very vague. And he seems to have 
been destitute of any knowledge of the precise nature 
of the motion or impulse by which sound is produced; 
and, of course, still more ignorant of the mechanical 
principles by which these motions are explained. The 
notion of vibrations of the parts of sounding bodies, 
does not appear to have been dwelt upon as an 
essential circumstance ; though in some cas^, as in 
sounding strings, the fact is very obvious. And the 
notion of vibrations of the air does not at all appear 
in ancient writers, except so far as it maybe conceived 
to be implied in the comparison of aerial and watery 
waves, which we have quoted from Vitruvius. It is, 
however, very unlikely that, even in the case of water, 
the motions of the particles were distinctly conceived, 
for such conception is far from obvious. 

The attempts to apprehend distinctly, and to explain 
mechanically, the phenomena of sound, gave rise to a 
series of Prol)lcms, of which we must now give a brief 
history. The questions which more peculiarly consti- 
tute the Science of Acoustics, are the questions con- 
cerning those motions or affections of tke air by 
which it is the medium of hearing. But the motions 
of sounding bodies have both so much connexion with 
those of the medium, and so much resemblance to 
them, that we shall include in our survey researches 
on that subject also. 
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CHAPTEE II. 

Problem of the Vibrations of Strings, 

T hat the continuation of sound depends on a 
continued minute and rapid motion, a shaking or 
trembling, of the parts of the sounding body, was soon 
seen. Thus Bacon says,^ ‘ The duration of the sound 
of a bellr or a string when struck, which appears to be 
prolonged and gradually extinguished, does not proceed 
from the first percussion ; but the trepidation of the 
body struck perpetually generates a new sound. For 
if that trepidation* be prevented, and the b^l or string 
be stopped, the sound soon dies : as in spinets^ as soon 
as the spine is let fall so as to touch the string, the 
sound ceases.* In the case of a stretched string, it is 
not difficult to perceive that the motion is a motion 
back and forwards across the straight line which the 
string occupies when at rest. The further examination 
of the quantitative circumstances of this oscillatory 
motion was an obvious problem ; and especially after 
oscillations, though of another kind (those of a pen- 
dulous body), had attracted attention, as they had 
done in the school of Galileo. Mersenne, one of the 
promulgators of Galileo’s philosophy in France, is the 
first author in whom I find an examination of the 
details of this case {Uarinonicor%m Liber , Paris, 1636). 
He asserts,^ that the differences and concords of acute 
and grave sounds depend on the rapidity of vibrations, 
and their ratio ; and he proves this doct^rine by a series 
of experimental comparisons. Thus he finds ^ that the 
note of a string is as its length, by taking a string 
first twice, and then four times as. long as the original 
stringy other things remaining the same. This, indeed, 
was known to the ancients, and was the basis of that 
numerical indication of the notes which the proposition 


^ Hist. Son. et And. yoI. ix. p. 7x> 
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expresses. Mersenne further proceeds to show the 
effect of thickness and tension. He finds (Prop. 7) 
that a string must be four times as thick as another, 
to give the octave below; he finds, also (Prop. 8), that 
the tension must be about four times as great in order 
to produce the octave above.^ From these proportions 
various others are deduced, and the l(xw of the yhe- 
noniena of this kind may be considered as determined. 
Mersenne also undertook to measure the phenomena 
numerically, that is, to determine the number of 
vibrations of the string in each of such cases which 
at first might appear difficult, since it is obviously 
impossible to count with tlie eye the passages of a 
sounding string backwards and forwards. But JMer- 
seiine rightly assumed, that the number of vibrations 
is the same so long as the tone is tlie same, and that 
the ratios of the numbers of vibrations of different 
strings may be determined from the numerical rela- 
tions of their notes. He had, therefore, only to deter- 
mine the number of vibrations of one certain string, 
or one known note, to know those of all others. He 
took a musical string of three-quarters of a foot long, 
stretched witli a weight of six pounds and five-eighths, 
which he found gave him by its vibrations a certain 
standard note in his organ: he found that a» string of 
the same material and tension, fifteen feet, that is, 
twenty times as long, made ten recurrences in a 
second; and he inferred that tlie number of vibrations 
of the shorter string must also be twenty times as 
great ; and thus such a*string must make in one second 
of time two hundred vibrations. 

This determination of Mersenne does not appear to 
have attracted Hue notice ; but some time afterwards 
attempts were made to ascertain the connexion between 
the sound and its elementary pulsations in a more 
direct manner. Hooke, in 1681, produced sounds by 
the striking of the teeth of brass^wheels,"^ and Stancari, * 
in 170b, by whirling round a large wheel in air, 
showed, before the academy of Bologna, how the 
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number of vibrations in a given note might be known. 
Sauveur, who, though deaf for the first seven years of 
his life, was one of the greatest promoters of the 
science of sound, and gave it its name of Acoustics, 
endeavoured also, about the same time, to determine 
the number of vibration^ of a standard note, or, as he 
called it, Fixed Sound. He employed two methocls, both 
ingenious and both indirect. The first was the method 
of heats. Two organ-pipes, which foim a discord, are 
often heard to produce a kind of howl, or wavy noise, 
the soiyid swelling and declining at small intervals of 
time. This was readily and rightly ascribed to the coin- 
cidences of the pulsations of sound of the two notes after 
certain cycles. Thus, if the number of vibrations of 
the notes were as fifteen to sixteen in the same time, 
every fifteenth vibration of the one would coincide with 
every sixteenth vibration of the other, while all the 
intermediate vibrations of the two tones would, in 
various degrees, disagree with each other ; and thus 
every such cycle, of fifteen and sixteen vibrations, 
might be heard as a separate beat of sound. Now, 
Sauveur wished to take a case in which these beats 
were so slow as to be counted,^ and in which the ratio 
of the vibrations of the notes was known from a know- 
ledge of their musical relations. Thus if the two notes 
form an interval of a semitone, their ratio will be that 
above supposed, fifteen to sixteen ; and if the beats be 
found to be six in a second, we know that, in that 
time, the graver note makes ninety and the acuter 
ninety-six vibrations. In this manner Sauveur found 
that an open organ-pipe, five feet long, gave one 
hundred vibrations in a second. 

Sauveur s other method is more refeondite, and ap- 
proaches to a mechanical view of the question.® He 
proceeded on this basis; a string, horizontally stretched, 
cannot be drawn into a mathematical straight line, but 
• always hangs in a very flat curve, or festoon. Hence 
Sauveur assumed, that its transverse vibrations may 
be conceived to be identical with the lateral swingings 


6 Ac. Sc. Hist. 1 700 p. 131. 
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of such a festoon. Observing that the string C, in the 
Kdddle of a harpsichord, hangs in such a festoon to the 
amount of 1-3 2 3rd of an inch, he calculates, by the laws 
of pendulums, the time of oscillation, and finds it 
i-i2 2nd of a second. Thus this C, his Jlxed noie^ 
makes one hundred and twenty-two vibrations in a 
second. It is curious that this process, seemingly so 
arbitrary, is capable of being justified on mechanical 
principles ; though we can hardly give the author 
credit for the views which this justification implies. It 
is, therefore, easy to understand that it agreed with 
other experiments, in the laws which it gave for the 
dependence of the tone on the length and tension. 

The problem of satisfactorily explaining this de- 
pendence, on mechanical principles, naturally pressed 
upon the attention of mathematicians when the law of 
the phenomena was thus comjdetely determined by 
Mersenne and Sauveur. It was desirable to show that 
both the circumstances and the measure of the pheno- 
mena were such as known mechanical causes and laws 
would explain. But this problem, as might be ex- 
pected, was not attacked till mechanical principles, and 
the modes of applying them, had become tolerably 
familiar. 

As the vibrations of a string are produced by its 
tension, it appeared to be necessary, in the first place, 
to determine the law of the tension which is called into 
action by the motion of the string; for it is manifest 
that, when the string is drawn aside from the straight 
line into which it is stretched, there arises an addi- 
tional tension, which aids in drawing it back to the 
straight line as soon as it is let go. Hooke {On 
Spring, 1678) dfctermined the law of this additional 
tension, which he expressed in his noted, formula, ‘ Ut 
tensio sic vis,’ the Force is as the Tension; or rather, to 
express his meaning more clearly, the Force of tension 
is as the Extension, or, in a string, as the increase of 
length. But, in reality, this principje, which is im- 
portant in many acoustical problems, is, in the one 
now before us, unimpoi’tant; the force which urges 
the string towards the straight line, depends, with 
B 2 
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such small extensions as we have now to consider, not 
on the extension, but on the curvature ; and the powfer 
of treating the mathematical difficulty of curvature, 
and its mechanical consequences, was what was re- 
quisite for the solution of this problem. 

The problem, in its proper aspect, was first attacked 
and mastered by Brook Taylor, an English mathema- 
tician of the school of Newton, by whom the solution 
was published in 171 5, in his Methodus Incremtntorum. 
Taylor’s solution was indeed imperfect, for it onl}^ 
pointed out a form and a mode of vibration, with which 
the string mujhi move consistently with the laws of 
mechanics; not the mode in which it must move, sup- 
posing its form to he any whatever. It showed that the 
curve might be of the nature of that which is called 
the comipanion to the cycloid; and, on the suj)position of 
the curve of the string being of this form, the calcu- 
lation confirmed the ])reviously established laws by 
which the tone, or the time of vibration, had been dis- 
covered to depend on the length, tension, and bulk 
of the string. The mathematical incoinjdeteness of 
Taylor’s reasoning must not prevent us from looking 
upon his solution of the problem as the most important 
step in the progress of this ])art of the subject : for the 
difficulty* of applying mechanical principles to the 
question being once overcome, the extension and cor- 
rection of the application was sure to be undertaken 
by succeeding mathematicians; and, accordingly, this 
soon happened. We may add, moreover, that the sub- 
sequent and more general solutions require to be 
considered with reference to Taylor’s, in order to ap- 
prehend distinctly their import; and further, thjit it 
was almost evident to a math emati chin, even before 
the general solution had appeared, that the dependence 
of the time of vibration on the length and tension, 
woul|l be the same in the general case as in the 
Taylorian curve ; so that, for the ends of physical phi- 
losophy, the solution was not very incomplete. 

John Bernoulli, a few years after wards ,7 solved the 
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problem of vibrating chords on nearly the same prin- 
ciples and suppositions as Taylor; but a little later (in 
1747), generation of great mathematicians, 

D’Alembert, Euler, and Daniel Bernoulli, applied the 
increased powers of analysis to give generality to the 
mode of treating this question; and especially the 
calculus of partial differentials, invented for this 
purpose. But at this ej)och, the discussion, so far as it 
bore on physics, belonged rather to the history of 
another problem, which comes under our notice here- 
after, that of the com])Ositioii of vibrations ; shall, 
therefore, defer the further history of the problem of 
vibrating sti'ings, till we have to consider it in con- 
nexion with new experimental facts. 
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CHAPTER HI. 

Problem of the Propagation of Sound. 

W E have seen that the ancient philosophers, for the 
most part, held that sound was transmitted, as 
well as produced, by some motion of the air, without 
defining what kind of motion this was; that some 
writers, however, applied to it a very happy similitude, 
the expansive motion of the circular waves produced 
by throwing a stone into still water ; but that notwith- 
standing, some rejected this mode of conception, as, for 
instance. Bacon, who ascribed the transmission of sound 
to certain ‘ spiritual species.’ 

Though it was an obvious thought to ascribe the 
motion of sound to some motion of air ; to conceive 
what kind of motion could and did produce this effect, 
must have been a matter of grave perplexity at the 
time of which we are speaking ; and is far from easy 
to most persons even now. We may judge of the 
difficulty of forming this conception, when we recollect 
that John Bernoulli the younger^ declared, that he 
could not understand Newton’s proposition on this 
subject. The difficulty consists in this; tliat the move- 
ment of the parts of air, in which sound consists, 
travels along, but that the parts of air themselves do 
not so travel. Accordingly Otto Guericke,® the in- 
ventor of the air-pump, asks, ‘How can sound be 
conveyed by the motion of the air ? when we find that 
it is better conveyed through air that is still, than 
when there is a wind.’ We may observe, however, 
that he was partly misled by finding, as he thought, 
that, a bell could be heard in the vacuum of his air- 
• pump ; a result which arose, probably, from some 
imperfection in his apparatus. 

Attempts were made to determine, by experiment, 

^ Prize Die. on Lights ® De Vac. Spat. p. i38. 
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the circumstances of the motion of sound ; and espe- 
cially its velocity. Gassendi^ was one of the first who 
did this. He employed fire-arms for the purpose, 
and thus found the velocity to be 1473 Paris feet 
' in a second. Roherval found a velocity so small 
(560 feet) that it threw uncertainty upon the rest, and 
affected Newton’s reasonings subsequently.^ Cassini, 
Huyghens, Picard, Romer, found a velocity of 1172 
Paris feet, which is more accurate than the former. 
Gassendi had been surprized to find that the velocity 
with which sounds travel, is the same whether they 
are loud or gentle. 

The explanation of this constant velocity of sound, 
and of its amount, was one of the problems of which a 
solution was given in the Great Charter of modem 
science, Newton’s Pri 7 tcipia (i 687). There, for the first 
time, were exqjlaiiied the real nature of the motions 
and mutual action of the parts of the air through which 
sound is transmitted. It was shown^ that a body 
vibrating in an elastic medium, will propagate pulses 
through the medium ; that is, the parte of the medium 
will move forwards and backwards, and this motion will 
affect successively those parts which are at a greater and 
greater distance from the origin of motion. The parts, 
ill going forwards, produce condensfition ; im returning 
to their first places, they allow extension ; and the play 
of the elasticities developed by these expansions and 
contractions, supplies the forces which continue to 
propagate the motion. 

The idea of such a motion as this, is, as we have 
said, far from easy to apprehend distinctly: but a 
distinct; apprehension of it is a step essential to the 
physical part eff the sciences now under notice ; for it 
is by means of such pulses^ or uiidulatiom, that not 
only sound, but light, and probably heat, are propa- 
gated. We constantly meet with evidence of the 
diflS.culty which men have in, conceiving this undu^ 
latory motion, and in separating it from a local motion 


3 Fischer, (rcwft. d.Physik, vol. i. 171. 
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of the medium as a mass. For instance, it is not easy 
at first to conceive' the waters of a great river flowing 
constantly down towards the sea, while waves are 
rolling up the very sjime jmrt of the stream ; and while 
the great elevation, which makes the tide, is travelling ' 
from the sea perhaps with a velocity of fifty miles an 
hour. The motion of such a wave, or elevation, is 
distinct from any stream, and is of the nature of undu- 
lations in general. The parts of the fluid stir for a 
short time and for a small distance, so as to accumu- 
late themselves on a ncighl)6uring ])art, and then 
retire to their former j)lace ; and this movement afiects 
the parts in the order of their places. I*ei4iaps if the 
reader looks at a field of standing corn when gusts of 
wind are swee})ing over it in visible waves, he will have 
his conce])tion of this matter aided; for he will see that 
here, where each ear of grain is anchmed by its stalk, 
there can be no permanent local motion of the sub- 
stance, but only a successive stooping and rising of the 
separate straws, producing hollows and waves, closer 
and laxer strips of the crowded ears. 

Newton had, moreover, to consider the mechanical 
consequences which such condensjitions and rarefac- 
tions of the elastic medium, aii*, would ]>roduce in the 
parts of tiie fluid itself. Employing known laws of 
the elasticity of air, he showed, in a v€;ry remarkable 
proposition,^ the law according to which the particles 
of air might viln’ate. We may obsiTve, that in this 
solution, as in that of the vibrating string alreatly 
mentioned, a rule was exhibited according to which 
the particles mnjlit oscillate, but not the law to which 
they muHt conform. It was proved that, by taking 
the motion of each particle to be perftctly similar to 
that of a pendulum, tlie forces, develojjed by con- 
traction and expansion, were j)recisely such as the 
motiop required; but it was not shown that no other 
type of oscillation wou^l give rise to the same accord- 
ance of force and motion. Newton’s reasoning also 
gave a determination of the speed of propagation of 
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the pulses : it appeared that sound ought to travel 
with the velocity which a body would acquire by 
falling freely through half the height of a homogeneous 
atmosphere; ‘ the height of a homogeneous atmo- 
sphere’ being the height which the air must have, in 
order to produce, at the earth’s surface, the actual 
atmosidieric pressure, supj>osing no diminution of 
density to take place in ascending. Tliis lieight is 
about 29,000 feet; and hence it followed that the 
velocity was 968 feet. This velocity is really con- 
siderably less than that of sound; but at th^ time of 
which we sj 3 eak, no accurate measure had been esta- 
blished; and Newton j>ersuaded himself, by experi- 
ments made in the cloister of Trinity College, his 
residence, that his calculation was not for from the 
fact. When, afterwards, more exact experiments 
showed the velocity to be 1142 English feet, Newton 
attempted to exidain the difference by vaiious consi- 
derations, none of which were adequate to the purpose; 
— as, the dimensions of the solid j)articles of which the 
fluid air consists; — or the vapours which are mixed 
with it. Other writers oflered other suggestions ; but 
the true solution of the difficulty was reserved for a 
period considerably subsequent. 

Newton’s calculation of the motion of sound, though 
logically incomplete, was the great step in the solution 
of the problem; for mathematicians could not but 
presume that his result was not restricted to the 
hypothesis on which he had obtained it; and the 
extension of the solution required only mere ordinary 
talents. Tlie logical defect of his solution w^as assailed, 
as might have been expected. Cramer (professor at 
Geneva), in 1^41, conceived that he was destroying 
the conclusivGiiess of Newton’s reasoning, by showing 
that it applied equally to other modes of oscillation. 
This, indeed, contradicted the enunciation gf the 
48th Prop, of the Second Book of the Frincipm; but 
it confirmed and extended alf the general results of 
the demonstration; for it left even the velocity of 
sound unaltered, and thus showed that the velocity 
did not depend mechanically on the type of the oscil- 
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lation. But tlie satisfactory establishment of this 
physical generalization was to be supplied from the 
vast generalizations of analysis, which mathematicians 
were now becoming able to deal with. Accordingly 
this task was performed by the great master of analy- 
tical generalization, Lagrange, in i 759 > when, at the 
age of twenty-three, he and two friends published the 
first vohime of the Turin Memoirs, Euler, as his 
manner was, at once perceived the merit of the new 
solution, and pursued the subject on the views thus 
suggested. Various analytical improvements and 
extensions were introduced into the solution by the 
two great mathematicians; but none of these at all 
altered the formula by which the velocity of sound 
was expressed ; and tlie discrepancy between calcula- 
tion and observation, about one-sixth of the whole, 
which had perplexed Newton, remained still unac- 
counted for. 

The merit of satisfactorily explaining this discre- 
pancy belongs to Laplace. He was the first to remark^ 
that the common law of the changes of elasticity in 
the air, as dependent on its compression, cannot be 
applied to those rapid vibrations in which sound 
consists, since the sudden compression produces a 
degree of Jieat which additionally increases the elas- 
ticity. The ratio of this increase depended on the 
experiments by which the relation of heat and air is 
established. Laplace, in 1816, published® the theorem 
on which the correction depends. On applying it, the 
calculated velocity of sound agreed very closely with 
the best antecedent experiments, and was confirmed 
by more exact ones instituted for that purpose. 

This step completes the solution of tSie problem of 
the projoagation of sound, as a mathematical induction, 
obtained from, and verified by, facts. Most of the 
discussions concerning points of analysis to which the 
kivestigations on this subject gave rise, as, for instance, 
the admissibility of discontinuous fimctions into the 

7 Mec. m. t. V. 1. xii, p. 96. 

® Ann. Phys. et Chim. t. iii. p. z 8 
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solutions of partial diiferential equations, belong to the 
history of pure mathematics. Those which really 
concern the physical theory of sound may be referred 
to the problem of the motion of air in tubes, to which 
we shall soon have to proceed; but we must first 
speak of another form which the problem of vibrating 
strings assumed. 

It deserves to be noticed that the ultimate result of 
the study of the undulations of fluids seems to show 
that the comparison of the motion of air in the diffu- 
sion of sound with the motion of circular w^ves from 
a center in water, which is mentioned at the begin- 
ning of this chapter, though pertinent in a certain 
way, is not exact. It appears by Mr. Scott’s recent 
investigations concerning waves,^ that the circular 
waves are oscillating waves of the Second order, and 
are gregarious. The sound-wave seems rather to 
resemble the great solitary Wave of Translation of the 
First order, of which we have already spoken in 
Book vi. chapter vi. 


9 Brit, Ass. Reports for 1844, p. 36 1. 
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Problem op different Sounds of the same String. 

I T liad been observed at an early period of acoustical 
knowledge, that one string might give several 
sounds. Merscnne and others had noticed ^ that when 
a string vibrates, one which is in unison with it 
vibrates without being touched. He was also aware 
that this was true if the second string was an octave 
or a twelfth below the first. This was observed as a 
new fact in England in 1674, and communicated to 
the Iloyal Society by Wallis.^ But the later observers 
ascertained further, that the longer string divides 
itself into two, or into three equal parts, separated by 
or points of rest ; this they prbved by hanging 
bits of paj)er on difierent parts of the string. The 
discovery so modified was again made by Sauveur^ 
about 1700. The sounds thus produced in one string 
by the vibration of another, have been termed Sympa- 
thetic Sounds. Similar sounds are often produced by 
performers on stringed instruments, by touching the 
string at one of its aliquot divisions, and are then 
called the Acute Jlarmomcs. Such fiicts were not 
difficult to explain on Taylor’s view of the mechanical 
condition of the string ; but the difficulty was increased 
when it was noticed that a sounding body could 
produce these different notes at the same time. Mer- 
senne had remarked this, and the fact was more 
distinctly obseiwed and pursued by Sauveur. The 
notes thus produced in addition to the genuine note of 
the string, have been called Secortdary Notes; those 
usually, heard are, the Octave, the Twelfth, and the 
Seventeenth above the note itself. To supply a mode 
of conceiving distinctly, and explaining mechanically, 

* Harm . lib. iv Trop. z 8 (i536). * Ph . Tr . i677, April. 
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vibrations wliich should allow of such an effect, was 
therefore a requisite step in acoustics. 

This task was performed by Daniel Bernoulli in a 
memoir published in 17 55-^ He there stated and 
proved the Principle of the coexistence of small vibra- 
tions. It was already established, that a string might 
vibrate cither in a single swelling (if we use this word 
to express the curve between two nodes which Ber- 
noulli calls a ventre), or in two or three or any number 
of equal swellings with immoveable nodes between. 
Daniel Bernoulli showed further, that tliQ^e nodes 
might be combined, each taking place as if it were 
the only one. This appears sufficient to explain the 
coexistence of the harmonic sounds just noticed. 
D’Alembert, indeed, in the article Fundamental in the 
French Encyclopedle, and Lagrange in his Dissertation 
on So7cnd in the Turin Memoir sp offer several objec- 
tions to this explanation; and it cannot be denied that 
the subject has its difficulties ; but still these do not 
deprive Bernoulli of the merit of having pointed out 
the princqde of Coexistent Vibrations, or divest that 
principle of its value in physical science. 

Daniel Bernoulli’s Memoir, of which we speak, was 
published at a period when the clouds which involve 
the general analytical treatment of the problem of 
vibrating strings, were thickening about Euler and 
t)’ Alembert, and darkening into a controversial hue; 
and as Bernoulli ventured to interpose his view, as 
a solution of these difficulties, wliich, in a mathe- 
matical sense, it is not, we can hardly be surprized that 
he met with a rebuff. The further prosecution of the 
different modes of vibration of the same body need 
not be here cefnsidered. 

The sounds which are called Grave Harmonics, have 
no analogy with the Acute Harmonics above-mentioned; 
nor do they belong to this section ; for in the jcase of 
Grave Harmonics, we have one sound from the co-opfi- 
ration of two strings, instead of several sounds from 
one string. These harmonics are,*in fact, connected 


4 JBerlin Mem. i 753 »p. 147. 


6 T. i. pp. 64 t 103. 
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with beats, of which we have already spoken; the 
beats becoming so close as to produce a note of 
definite musical quality. The discovery of the Grave 
Harmonics is usually ascribed to Tartini, who mentions 
them in 1754; but they are first noticed® in the work 
of Sorge On tuning Organs y 1744. He there expresses 
this discovery in a query. ‘ Whence comes it, that if 
we tune a fifth (2 : 3), a third sound is faintly heard, the 
octave below the lower of the two notes? Nature 
shows that with 2:3, she still requires the unity, to 
perfect the order i, 2, 3.’ The truth is, that these 
numbers express the frequency of the vibrations, and 
thus there will be coincidences of the notes 2 and 3, 
which are of the frequency i, and consequently give 
the octave below the sound 2. This is the explanation 
given by Lagrange, 7 and is indeed obvious. 


Chladni. Acoust. p, 154. 7 Mem. Tar, i. p. 104. 
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CHAPTER V. 

pBOBLEM OF THE SoUNDS OF PiPES. 

I T was taken for granted by those who reasoned on 
gonnds, that the sounds of flutes, organ-pipes, and 
wind-instruments in general, consisted in vibrations of 
some kind ; but to determine the nature and laws of 
these vibrations, and to reconcile them with mecha- 
nical principles, was far from easy. The leading facts 
which had been noticed were, that the note of a pipe 
was proportional to its length, and that a flute and 
similar instruments might be made to produce some of 
the acute harmonics, as well as the genuine note. It 
had further been noticed,^ that pipes closed at the end, 
instead of giving the series of harmonics i, &c., 

would give only those notes which answer to the odd 
numbers i, &c. In this problem also, Newton ^ 
made the first step to the solution. At the end of the 
propositions respecting the velocity of sound, of which 
we have spoken, he noticed that it appeared by taking 
Mersenne’s or Sauveur’s determination of the number 
of vibrations corresponding to a given note, that the 
pulse of air runs over twice the length of the pipe in 
the time of each vibration. He does not follow out 
this observation, but it obviously points to the theory, 
that the sound of a pipe consists of pulses which travel 
back and forwards along its length, and are kept in 
motion by the^breath of the plaji^r. This supposition 
would account for the observed dependence of the note 
on the length of the pipe. The subject, does not appear 
to have been agayi taken up in a theoretical way 
till about 1760; when Lagrange in the second lk)lume 
of the Turin Meimira, and D. Bernoulli in the Mevmira 
of the French Academy for 1762, published important 

* D. Bernoulli. Berlin, Mem. i753, p. i5o. 

Princip. Schol. Prop. 5o. 
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essays, in. wliich some of the leading facts were satis- 
factorily explained, and which may therefore be consi- 
dered as the pftncipal solutions of the problem. 

In these solutions there was necessarily something 
hypothetical. In the case of vibrating strings, as we 
have seen, the Form of the vibrating curve w^s guessed 
at only, but the existence and position of the Nodes 
could be rendered visible to the eye. In the vibra- 
tions of air, we cannot see either the places of 
nodes, or the mode of vibration; but several of the 
results are independent of these circumstances. Thus 
both of the solutions explain the fact, that a tube 
closed at one end is in unison with an open tube of 
double the length ; and, by supposing nodes to occur, 
they account for the existence of the odd series of 
harmonics alone, r, 3, 5, in closed tubes, while the 
whole series, i, 2, 3, 4, 5, &c., occurs in open ones. 
Both views of the natut'e of the vibration appear to 
be nearly the same; though Lagrange’s is expressed 
with an analytical generality which renders it obscure, 
and Bernoulli has perhaps laid down an hypothesis 
more special than was necessary. Lagrange^ considers 
the vibration of open flutes as ‘ the oscillations of a 
fibre of air,’ under the condition that its elasticity at 
the two epds is, during the whole oscillation, the same 
as that of the siirrounding atmosphere. Bernoulli sup- 
poses'^ the whole inertia of the air in the flute to be 
collected into one particle, and this to be moved by the 
whole elasticity arising from this displacement. It 
may be observed that both these modes of treating the 
matter come very near to what we have stated as 
Newton’s theory; for though Bernoulli supposes all 
the air in the flute tB be moved at once, and not suc- 
cessively, as .by Newton’s pulse, in either case the 
whole elasticity moves the whole air in the tube, and 
requir^es more time to do this accoMing to its quantity. 
Since that time, the subject has received further 
mathematical development from Euler, ^ Lambert,^’ 


^ M 6 m, Twrin^ vol. ii. p. i 54 * * Mim. Berlin, 1 753, p. 446. 

* Nov. Act. Petrop. tom. xyi. ® Acad. Berlin, i775. 
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and Poisson;^ but no new explanation of facts has 
arisen. Attempts have however been made to ascer- 
tain experimentally the places of the nodes. Bernoulli 
himself had shown that this place was affected by the 
amount of the opening, and Lambert® had examined 
other cases with the same view. Savart traced the node 
in various musical pipes under different conditions ; and 
very recently Mr. Hopkins, of Cambridge, has pursued 
the same experimental inquiry.^ It appears from 
these researches, that the early assumptions of mathe- 
maticians with regard to the position of the nodes, are 
not exactly verified by the facts. When the air in a 
pipe is made to vibrate so as to have several nodes which 
divide it into equal parts, it had been supposed by 
acoustical writers tliat the part adjacent to the open 
end was half of the other parts ; the outermost node, 
however, is found experimentally to be displaced from 
the position thus assigned to it, by a quantity depend- 
ing on several collateral circumstances. 

Since our purpose was to consider this problem only 
so far as it has tended towards its mathematical solution, 
we have avoided saying anything of the dependence 
of the mode of vibration on the cause by which the 
sound is produced ; and consequently, the researches 
on the effects of reeds, embouchures, and the* like, by 
Chladni, Savart, Willis and others, do not belong to 
our subject. It is easily seen that the complex effect 
of the elasticity and other properties of the reed and 
of the air together, is a j)roblem of which we can 
hardly hope to give a complete solution till our 
knowledge has advanced much beyond its present 
condition. 

Indeed in th» science of Acoustics there is a vast 
body of facts to which we might apply what has just 
been said ; but for the sake of pointing’ out some of 
them, we shall consider them as the subjects of pne 
extensive and yet unsolved problem. 


7 Joum, Ec. Polyt. cap. 14. ® Acad. SerUn, i775. 

® Catnb. Trans, vol. v. p. »34. 
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CHAPTER VI. 

Pboblem or DiffeB;ENT Modes op Vibration op 
Bodies in general. 

N ot only the objects of which we have spoken 
hitherto, strings and pipes, but almost all bodies 
are capjible of vibration. Bells, gongs, tuning-forks, 
are examples of solid bodies ; drums and tambourines, 
of membranes ; if we run a wet finger along the edge of 
a glass goblet, we throw the fluid which it contains 
into a regular vibration; and the various character 
which sounds possess according to the room in which 
they are uttered, shows that large masses of air have 
peculiar modes of vibration. Vibrations are generally 
accompanied by sound, and they iiiay, therefore, be 
considered as acoustical phenomena, especially as the 
sound is one of the most decisive facts in indicating 
the mode of vibration. Moreover, every body of this 
kind can vibrate in many different ways, the vibrating 
segments being divided by Nodal Liims and Surfaces 
of varioTjs form and number. The mode of vibration, 
selected by the body in each case, is determined by 
the way in which it is held, the way in which it is set 
in vibration, and the like circumstances. 

The general problem of such vibrations includes 
the discovery and classification of the phenomena ; the 
detection of their formal laws ; and, finally, the expla- 
nation of these on mechanical principles. We must 
speak very briefly of what has bet«i done in these 
ways. The facts which indicate Nodal Lines had been 
remarked by Galileo, on the sounding-board of a 
inui|ical instrument; and Hooke had proposed to 
observe the vibrations of a bell by strewing flour upon 
it. But it was Chladni, a German philosopher, who 
enriched acou^ics with the discovery of the vast 
variety of symmetrical figures of Nodal Lines, which are 
exhibited on plates of regular forms, when made to sound. 
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His first investigations on this subject, Entdechungen 
uherdie Theoriedes Klang 8 ,v^QYQ published 1787 ; and 
in 1802 and 1817 he added other discoveries. In 
these works he not only related a vast number of new 
and curious facts, but in some measure reduced some 
of them to order and law. For iustance, he has traced 
all the vibrations of square plates to a resemblance 
with those forms of vibration in which Nodal Lines are 
parallel to one side of the square, and those in which 
they are parallel to another side; and he has esta- 
blished a notation for the modes of vibration founded 
on this classification. Thus, 5-2 denotes a form in 
which there are five Nodal Lines parallel to one side, 
and two to anotlier ; or a form which can be traced to a 
disfigurement of such a standard tyi)e. Savart pursued 
this subject still further; and traced, by actual observa- 
tion, the forms of the Nodal Surfaces which divide solid 
bodies, and masses of air, when in a state of vibration. 

The dependence of such vibrations upon their 
physical cause, namely, the elasticity of the substance, 
we can conceive in a general way; biit the mathematical 
theory of such cases is, as might be supposed, very 
difficult, even if we confine ourselves to the obvious 
question of the mechanical possibility of these different 
modes of ' vibration, and leave out of consideration 
their dependence upon the mode of excitation. The 
transverse vibrations of elastic rods, plates, and rings, 
had been considered by Euler in 1779; but his calcu- 
lations concerning plates had foretold only a small 
part of the curious phenomena observed by Chladni;! 
and the several notes which, according to his calcula- 
tion, the same ring ought to give, were not in agree- 
ment with experiment. Indeed, researches of this 
kind, as conducted by Euler, and jother authoi's,^ 
rather were, and were intended for, examples of ana- 
lytical skill, than explanations of physical facts. %J ames 
Bernoulli, after the publication of Chladiii's experi- 
ments in 1787, attempted to solve the problem for 
plates, by treating a plate as a collection of fibres; but. 


^ Fischer, vi. 587. 


“ Ib. vi. SjO, 


3 See Chladni, p. 474. 
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as Chladni observes, the justice of this mode of con- 
ception is disproved, by the disagreement of its results 
with experiment. 

The Institute of France, which had approved of 
Chladni’s labours, proposed, in 1809, the problem now 
before us as a prize-question:^ — 'To give the mathe- 
matical theory of the vibrations of elastic surfaces, 
and to compare it with experiment.’ Only one memoir 
was sent in as a candidate for the prize; and this was 
not crowned, though honourable mention was made of 
it.^ The formulae of James Bernoulli were, according 
to M. Poisson’s statement, defective, in consequence 
of his not taking into account the normal force which 
acts at the exterior boundary of the plate.® The 
author of the anonymous memoir corrected this errour, 
and calculated the note corresponding to various 
figures of the nodal lines; and he found an agreement 
with experiment sufficient to justify his theory. He 
had not, however, proved his fundamental equation, 
which M. Poisson demonstrated in a*Memoir, read in 
1814.7 At a more recent period also, MM. Poisson 
and Cauchy (as well as a lady, Mile. Sophie Germain) 
have api)lied to this problem the artifices of the most 
improved analysis. M. Poisson® determined the rela- 
tion of the notes given by the longitudinal and the 
transverse vibrations of a rod; and solved the problem 
of vibrating circular plates when the nodal lines are 
concentric circles. In both these cases, the numerical 
agreement of his results with experience, seemed to 
confirm the justice of his fundamental views. He 
proceeds upon the hypothesis, that elastic bodies are 
composed of separate particles held tc^ether by the 
attractive forces which they exert upmi each other, 
and distended by the repulsive force of heat. M. 
Cauchy^® has also calculated the^ transverse, longi- 
tudinij, and rotatory vibrations of elastic rods, and 

•* See Chladni, p. 357* ® Poisson’s Mem. in Ac. Sc. i8iz, p. 169. 

Tb.p. 220. 7 ib. 181Z, p. 2. 

® Ib. t. viii. i8a9. ® An. Chim. tom. xxxvi. iS27t p. 90. 

lu Exerdees de Maihematiquef iii. and iv. 
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has obtained results agreeing closely with experiment 
through a considerable list of comparisons. The 
combined authority of two profound analysts, as 
MM. Poisson and Cauchy are, leads us to believe that, 
for the simpler cases of the vibrations of elastic bodies, 
Mathematics has executed her task ; but most of the 
more complex cases remain as yet unsubdued. 

The two brothers, Ernest and William Weber, 
made many curious observations on undulations, 
which are contained in their Wellenlehre, (Doctrine of 
Waves,) published at Leipsig in 1825. They were 
led to suppose, (as Young had suggested at an earlier 
period,) that Chladiii’s figures of nodal lines in plates 
were to be accounted for by the superposition of 
undulations. Air. Wheatstone^- has uiKlertakcn to 
account for Chladni’s figures of vibrating square 
plates by this superpo.sition of two or more simple 
and obviously allowable modes of nodal division, 
which have the same time of vibration. He assumes, 
for this purpose, certain ‘primary figures,’ containing 
only parallel nodal lines; and by combining these, 
first in twos, and then in fours, he obtains most of 
Chladni’s observed figures, and accounts for their 
transitions and deviations from regularity. 

The principle of the superjwsition of vibyitions is 
so solidly established as a mechanical tiaith, that we 
may consider an acoustical problem as satisfactorily 
disposed of, when it is reduced to that principle, as 
well as when it is solved by analytical mechanics : but 
at the same time we may recollect, that the right 
application and limitation of this law involves no 
small difficulty ; and in this case, as in all advances in 
physical science^ we cannot but wish to have the new 
ground which has been gained, gone over by some 
other person in some other manner; and thus secured 
to us as a permanent*i)ossession, ^ 

Savart's Laws . — In what has preceded, the ^ubra- • 
tions of bodies have been referred to certain general 
classes, the separation of which w^s suggested by 


IFeU^ehret p. 474 . 


w Phil. Tram. i833,p. 593. 
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observation; for example, the transverse, longitudinal, 
and rotatory}'^ vibrations of rods. The transverse 
vibrations, in which the rod goes backwards and 
forwards across the line of its length, were the only 
ones noticed by the earlier acousticians; the others 
were principally brought into notice by Chladni. As 
we have already seen in the preceding pages, this 
classification serves to express important laws ; as, for 
instance, a law obtained by M. Poisson which gives 
the relation of the notes produced by the transverse 
and longitudinal vibrations of a rod. But this dis- 
tinction was employed by M. Felix Savart to express 
laws of a more general kind; and then, as often 
happens in the progress of science, by pursuing these 
laws to a higher point of generality, the distinction 
again seemed to vanish. A very few words will 
explain these steps. 

It was long ago known that vibrations may be com- 
municated by contact. The distinction of transverse 
and longitudinal vibrations being §^tablished, Savart 
found that if one rod touch another perpendicularly, 
the longitudinal vibrations of the first occasion trans- 
verse vibrations in the second, and vice versd. This is 
the more remarkable, since the two sets of vibrations 
are not q^ual in rapidity, and therefore cannot sympa- 
thize in any obvious manner. Savart found himself 
able to generalize this proposition, and to assert that 
in any combination of rods, strings, and laminae, at 
right angles to each other, the longitudinal and 
transverse vibrations affect lespectively the rods in the 
one and other direction,^® so that when the horizontal 
rods, for example, vibrate in the one way, the vertical 
rods vibrate in the other. 

This law was thus expressed in terms of that classi- 
fication of vibrations of which we have spoken. Yet 
we easily see that we may express it in a more general 
manner, without referring to that classification, by 
saying, that vibrations are communicated so as always 


*3 Vibrations toumantes. 
An. Chim. i8i9, tom. xiv. p. i38. 


Ib. p. i5z. 
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to be parallel to their original direction. And by 
following it out irk this shape by means of experiment, 
M. Savart was led, a short time afterwards, to deny 
that there is any essential distinction in these different 
kinds of vibration. ‘We are thus led,’ he says^^* in 
1822, ‘to consider normal [transverse] vibrations as 
only one circumstance in a more general motion 
common to all bodies, analogous to tanr/ential [longi- 
tudinal and rotjitory] vibrations ; that is, as produced 
by small molecular oscillations^ and differently modified 
according to the direction which it affects, relatively 
to the dimensions of the vibrating body.’ 

These ‘inductions,’ as he properly calls them, are 
supported by a great mass of ingenious experiments ; 
and may be considered as well established, when they 
are limited to molecular oscillations, employing this 
phrase in the sense in which it is understood in the 
above statement ; and also when they are confined to 
bodies in which the play of elasticity is not interrupted 
by parts more rigid than the rest, as the sound-post of 
a violin.^7 And before I quit the subject, I may 
notice a consequence which M. Savart has deduced 
from his views, and which, at first sight, a])pears to 
overturn most of the earlier doctrines respecting vil Heat- 
ing bodies. It was formerly held that tense strings 
and elastic rods could vibrate only in a fleterminate 
scries of modes of division, with no intermediate steps. 
But M. Savart maiutaius,^^ on the contrary, that they 
produce sounds which tire gradually transformed into 
one another, by indefinite intermediate degrees. The 
reader may naturally ask, what is the solution of this 
apparent contradiction between the earliest and the 
latest discoveries in acoustics 1 And the answer must 
be, that these intermediate modes of vibration are 
complex in their nature, and difficult to produce ; and 
that those which* were formerly believed to be the 

An. Chim. t. xxv. p. 33. 

For the suggestion «iof the necessity ’of this limitation I am 
Indebted to Mr. Willis. 

^8 An Chim. i8zd,t. xxxii.p. 384- 
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only possible vibrating conditions, are so eminent 
above all the rest by their features, their simplicity, 
and their facility, that we may still, for common 
purposes, consider them as a class apart ; although for 
the sake of reaching a general theorem, we may asso- 
ciate them with the general mass of cases of molecular 
vibrations. And thus we have no exception here, as 
we can have none in any case, to our maxim, that 
what formed part of the early discoveries of science, 
foi’ms part of its latest systems. 

We have thus surveyed the progress of the science 
of sound up to recent times, with respect both to the 
discovery of laws of phenomena, and the reduction of 
these to their mechanical causes. Tlie former brancli 
of the science lias necessarily been inductively pursued ; 
and therefore has been more peculiaily the subject of 
our attention. And this consideration will explain 
why we have not dwelt more upon the deductive 
labours of the great analysts who have treated of this 
problem. 

To those who are acquainted with the high and 
deserved fame which the labours of D’Alembert, Euler, 
Lagrange, and others, upon this subject, enjoy among 
mathematicians, it may seem .as if we had not given 
them their due prominence in our sketch. But it is 
to be recollected here, as we have already observed in 
the case of hydrodynamics, that even when the general 
principles are uncontested, mere mathematical deduc- 
tions from them do not belong to the history of 
physical science, excejit when they i)oint out laws 
which are intermediate between the general principle 
and the individual facts, and which observation may 
confirm. 

The business of constructing any science may be 
figured as the task of forming a road on which our 
reason can travel through a certaan province of the 
externAl world. We have to throw a bridge which 
may lead from the chsfmbers of our own thoughts, 
from our speculative principles, tq the distant shore of 
material facts. But in all cases the abyss is too wide 
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to be crossed, except we can find some intermediate 
points on which the piers of our structure may rest. 
Mere facts, without connexion or law, are only the 
rude stones hewn from tllB opposite bank, of which our 
arches may, at some time, be built. But mere hypo- 
thetical mathematical calculations are only plans of 
projected structures; and tho*B plans which exhibit 
only one vast and single arch, or which suppose n8 
support but that which our own position supplies, will 
assuredly never become realities. We must have a 
firm basis of intermediate generalizations in order to 
frame a continuous and stable edifice. 

In the subject before us, we have no want of such 
points of intermediate support, although they are in 
many instances irregularly distributed and obscurely 
seen. The number of observed laws and relations of 
the phenomena of sound, is already very great; and 
though the time may be distant, there seems to be no 
reason to despair of one day uniting them by clear 
ideas of mechanical causation, and thus of making 
acoustics a perfect secondary mechanical science. 

The historical sketch just given includes only such 
parts of acoustics as have been in some degree reduced 
to general laws and j)hysical causes ; and thus excludes 
much that is usually treated of under tljat head. 
Moreover, many of the numerical calculations con- 
nected with sound belong to its agreeable effect upon 
the ear; as the properties of the various systems of 
TemperajtienL These are parts of Theoretical Music, 
not of Acoustics; — -of the Philosophy of the Fine Arts, 
not of Physical Science ; and may be referred to in a 
future portion of this work, so far as they bear upon 
our object. 

The science of Acoustics may, however, properly 
consider other differences of sound than ’those of acute 
and grave,-— for instance, the articulate differences, or 
those by which the various letters are formed. Some . 
progress has been made in reducing this part of the 
subject to general rujes; for thoilgh Kempelen’s 
^talking machine’ was only a work of art, Mr. Willis’s 
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machine, which exhibits the relation among the 
vowels, gives us a law such as forms a step in science. 
We may, however, consider this instrument as a 
pkthongometer, or measure of -^owel quality ; and in that 
point of view we shall have to refer to it again when 
we come to speak of such measures. 

On the Vowel Sounds, and on Reed Organ-pipes. Camb. Trans, 
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Q Ai6q ViptneXaQpov Kparof atev arciptf 
*AaTpu)Vf *lU\iov ts, ^tXtjpaujg re pepiffpa 
Hav^apLdrwp, TrvptTTvov, Tract v ^looiffiv tvaxmpa 
*r0i0avT;g *AIf)HP, Koap-ov (Troixfiov, apiCTTOv* 
’AyXaov w fiXdffrtjpay c£XaiT0dpor, dffttpo^eyyeg 
KiKXriaKU)V Xiropai cf, KeKpapevov ovhov ilvai. 

Orpheus. Hymn. 


0 thou who fillest the palaces of Jove ; 

Who flowest round moon, and sun and stars above ; 
Pervading, bright, life-giving element, 

Supernal EtheR, fair and excellent ; 

Fountain of hope and joy, of light and day. 

We oVn at length thy tranquil, steady s^'ay. 
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Formal and Physical Optics. 

T he history of the science of Optics, written at 
length, would be very voluminous; but we shall 
not need to make our history so; since our main 
object is to illustrate the nature of science and the 
conditions of its progress. In this way Optics is pe- 
culiarly instructive; the more so, as its history has 
followed a course in some respects dilFerent from both 
the sciences previously reviewed. Astronomy, as we 
have seen, advanced with a steady and continuous 
movement from one generation to another, from the 
earliest time, till her career was crowned by the great 
unforeseen discovery of Newton ; Acoustics had her 
extreme generalization in view from the first, and her 
history consists in the correct application of it to suc- 
cessive problems; Optics advanced through a scale of 
generalizations as remarkable as those' of Astronomy; 
but for a long period she was almost stationary; and, 
at last, was rapidly impelled through all those stages 
by the energy of two or three discoverers. The 
highest point of generality which Optics has reached 
is little dilferent from that which Acoustics occupied 
at once; but in the older and earlier science we still 
want that palpable and pointed confirmation of the 
general principl^ which the undulatory theory receives 
from optical phenomena. Astronomy has amassed her 
vast fortune by long-^continued industry and labour ; 
Optics has obtained hers in a few years by sagacious 
and happy speculations; Acoustics, having early ac- 
quired a competence, has since been employed rather 
in improving and adorning than in, extending her 
estate. 

The successive inductions by which Optics made her 
advances, might, of course, be treated in . the same 
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manner as those of Astronomy, each having its prelude 
and its sequel. But most of the discoveries in Optics 
are of a smaller character, and have less employed the 
minds of men, than those of Astronomy; and it will 
not be necessary to exhibit them in this detailed 
manner, till we come to the great generalization by 
wjj^ch the theory was established. I shall, therefore, 
now pass rapidly in review the earlier optical dis- 
coveries, without any such division of the series. 

Optics, like Astronomy, has for its object of inquiry, 
first, the laws of phenomena, and next, their causes; 
and we may hence divide this science, like the other, 
into Foriiwl Optics and Physical Optics, The distinc- 
tion is clear and substantive, but it is not easy to 
adhere to it in our narrative; for, after the theory had 
begun to make its rapid advance, many of the laws of 
phenomena were studied and discovered in immediate 
reference to the theoretical . cause, and do not occupy 
a separate place in the history of science, as in astro- 
nomy they do. We may add, that the reason why 
Formal Astronomy was almost complete before Physical 
Astronomy began to exist, was, that- it was necessary 
to construct the science of Mechanics in the mean time, 
in order to be 'able to go on ; whereas, in Optics, 
mathematicians were able to calculate the results of 
the undulatory theory as soon as it had suggested 
itself from the earlier facts, and while the great mass 
of facts were only becoming known. 

We shall, then, in the first nine chapters of the 
History of Optics, treat of the Formal Science, that is, 
the discovery of the laws of phenomena. The classes 
of phenomena which will thus pass under our notice 
are numerous ; namely, reflection, refraction, chromatic 
dispersion, achromatization, double refraction, polariza- 
tion, dipolarization, the colours of thin plates, the 
colcoirs of thick plates, and tte fringes and bands 
which accompany shadows. All these cases had been 
studied, and, in, most of them, the laws had been in a 
great measure discovered, before the physical theory of 
the subject gave to our knowledge a simpler and more 
solid form. 
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CHAPTEE I. 

Pkimahy Induction of Optics. — Eats of Light 
AND Laws of Eeflection. 

I N speaking of the Ancient History of Physics, we 
have already noticed that tlie optical philosophers 
of antiquity had satisfied themselves tliat vision is per- 
formed in straight lines; — that they had fixed their 
attention upon those straight lines, or rays^ as the 
proper object of the science; — ^they had ascertained 
that rays reflected from a bright surface make the 
angle of reflection equal to the angle of incidence ; — 
and they had drawn several consequences from these 
principles. 

We may add to the consequences already mentioned, 
the art of persjyectivCj which is merely a corollary from 
the doctrine of rectilinear visual rays; .for if we 
suppose objects to be referred by such rays to a plane 
interposed between them and the eye, all the rules of 
perspective follow directly. The ancients practised 
this art, as we see in the pictures which remain to us ; 
and we leani from Vitruvius,^ that they also wrote 
upon it. Agatharchus, who had been instructed by 
Eschylus in the art of making decorations for the 
theatre, was the first author on this subject, and 
Anaxagoras, who - was a pupil of Agatharchus, also 
wrote an ActinograjMa, or doctrine of drawing by 
rays : but none of ftiese treatises are come dowij to us. 
The moderns re-invented thq art in the flourishing 
times of the art of painting, that is, about the end of the 


1 Z>e Arch , ix. Mont. i. 707. 
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fifteenth century; and, belonging to that period also, 
we have treatises^ upon it. 

But these are only deductive applications of the 
most elementary’ optical doctrines; we must proceed 
to the inductions by which further discoveries were 
made. 

* Gauricus, 1504. 
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CHAPTER II. 

Discovery of the Law op Refraction. 

W E have seen in the former part of this history 
that the Greeks had formed a tolerably clear 
conception of the refraction as well as the reflection 
of the rays of light; and that Ptolemy had measured 
the amount of refraction of glass and water at various 
angles. If we give the names of the angle of incidences 
land the angle of refraction respectively to the angles 
which a ray of light makes with the line perpendicular 
to surface of glass or water (or any other medium) 
'within and without the medium, Ptolemy had observed 
that the angle of refraction is always less than the 
angle of incidence. He had supposed it to be loss 
in a given proportion, but this opinion is false; and 
was afterwards rightly denied by the Arabian mathe- 
matician Alhazen. The optical views which occur in 
the work of Alhazen are far sounder than those of 
his predecessors; and the book may be regarded as 
the most considerable monument which we^have of 
the scientific genius of the Arabians ; for it appears, 
for the most part, not to be borrowed from Greek 
authorities. The author not only asserts (lib. vii.), 
that refraction takes place towards the perpendicular, 
and refers to experiment for the truth of this; and 
that the quantities of the refraction difier according 
to the magnitudes of the angles which the directions 
of the iucidentai rays linem) make with the 

perpendiculars to the surface ; but he also says dis- 
tinctly and decidedly that the angles of refraction do 
not follow the proportion of the angles of incidenoe. 

[2nd Ed.] [There appears to be good ground* to 
assent to the assertion of Alhazen’s originality, made by 
his editor Risner, who says, ‘ Euclideuih hie vel Ptole- 
maicum nihil fere est.’ Besides the doctrine of reflec- 
tion and refraction of light, the Arabian author gives 

VOL. II. T 
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a description of the eye. He distinguishes three 
fluids, humor aqueusy crystallinuSy vitreus, and lour 
coats of the eye, tunica adherens, cornea, uvea, tunica 
reti similis. He distinguishes also three kinds of 
vision : ‘ Yisihile percipitur aut solo visu, aut visu et 
syllogismo, aut visu et anticipata notione.’ He has 
several propositions relating to what we sometimes 
call the Philosophy of Vision: for instance this: 
* E visibili saijnus viso remanet in anima generalis 
notio,’ &c.] 

The assertion, that the angles of refraction are 
not j)roiiortioiial to the angles of incidence, was 
an important remark; and if it had been steadily 
kept in mind, the next thing to be done with 
regard to refraction was to go on experimenting and 
conjecturing till the true law of refraction was dis- 
covered ; and in the mean time to apply the ])rinciple 
as far as it was known. Alhazen, though lie gives 
directions for making experimental measures of re- 
fraction, does not give any Table of the results of 
such experiments, as Ptolemy had done. Yitello, a 
Pole, wlio in the thirteenth century published an 
extensive work upon Optics, does give such a table ; 
and asserts it to be deduced from experiment, as T 
have all eady said (voL i.) But this assertion is still 
liable to doubt in consequence of the table containing 
impossible observations. 

[ 2 nd Ed.] [As I have already stated, Yitello 
asserts that his Tables were derived from his own 
observations. Their near agreement with those of 
Ptolemy does not make this improbable : for where 
the o’oservations were only made to half a degree, 
there was not much room for ob.^ervors to diflbr. 
It is not unlikely that the observations of refraction 
out of air into water and glass, and out of water 
int0 glass, were actually made; while the impossible 
values which accompany them, of the refraction out 
of water and ^glass into air, and out of glass into 
water, were calculated, and calculated from an errone- 
ous rule.] 

The principle that a ray refracted in glass or water 
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is turned towards the perpendicular, without knowing 
the exact law of refraction, enabled mathematicians to 
trace the effects of transparent bodies in various cases. 
Thus in Roger Bacon’s works we find a tolerably dis- 
tinct explanation of the effect of a convex glass; and 
in the work of Vitello the effect of refraction at the 
two surfaces of a glass globe is clearly traced. 

Notwithstanding Alliazcn’s assertion of the con- 
trary, the opinion was still current among mathe- 
maticians that the angle of refraction was j^Ji'oportional 
to the angle of incidence. But when Kejder’s atten- 
tion Avas drawn to the suljOoct, he saw that this was 
plainly inconsistent with the observations of Vitello 
for large angles ; and he convinced himself by his own 
experiments that the true law was something different 
from the one commonly supposed. The discovery of 
this true law excited in him an eager curiosity; and 
this point had the more interest for Jiim in consequence 
of the introduction of a correction for atmospheric re- 
fraction into astronomical calculations, which had been 
made by Tycho, and of the invention of the telescope. 
In his tiuppleme'iU to Vitello, published in 1604, Kepler 
attempts to reduce to a rule the measured quantities 
of refraction. The reader who recollects what we 
have already narrated, the manner in whicB Kepler 
attempted to reduce to law the astronomical obser- 
vations of Tycho, — devising an almost endless variety 
of possible formulae, tracing their consequences with 
undaunted industry, and relating, with a vivacious 
garrulity, his disappointments and his hopes, — will 
not be surprized to find that he j)roceeded in the 
same manner mth regard to the Tables of Observed 
Refractions. He tried a variety of constructions by 
triangles, conic sections, &c., without being able to 
satisfy himself; and b® at hist^ is obliged to content 
himself with an approximate rule, wliich makes** the 
refi action i)artly proportional to the angle of incidence, 
and partly, to the secant of that angle. In this way 
he satisfies the observed refractions within a difference 


L. U. K. Life of Kepler^ p. US’. 
T 2 
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of less than half a degree each way. When we con- 
sider how simple the law of refraction is, (that the 
ratio of the sines of the angles of incidence and re- 
fraction is constant for the same medium,) it appears 
strange that a person attempting to discover it, and 
drawing triangles for the purpose, should fail ; but this 
lot of missing what afterwards seems to have been 
obvious, is a common one in the pursuit of truth. 

The person who did -discover the Law of the Sines, 
was Willebrord Snell, about 1621; but the law was 
first published by Descartes, who had seen Snell’s 
papers.- Descartes does \iot acknowledge this law to 
have been first detected by another; and after his 
manner, instead of establishing its reality by refe- 
rence to experiment, he pretends to prove (t priori that 
it must be true,^ comparing, for this purpose, the par- 
ticles of light to balls striking a substance which acce- 
lerates them. 

[2nd Ed.] [Huyghens says of Snell’s papers, ‘ Qufe 
et nos vidimus aliquando, et Cartesium quoque vidisse 
accepiinus, et hinc fortasse mensuram illain quae in 
sinibus coiisistit elicuerit.’ Isaac Vossius, Be Lucis 
Naturd et Froprietaie, says that he also had seen this 
law in Snell’s unpublished optical Treatise. The same 
writer says, ‘ Quod itaque (Cartesius) habet, refractioiium 
momenta non exigenda esse ad angulos sed ad lineas, id 
tuo Snellio acceptum ferre debuisset, enjus nomen more 
solito dissimulavit.’ ‘ Cartesius got his law from Snell, 
and in his usual way, concealed it.* 

Huyghens’ assertion, that Snell did not attend to the 
proportion of the sines, is very captious; and becomes 
absurdly so, when it is made to meap that Snell did 
not know the law of the sines. It is not denied that 
Snell knew the true law, or that the true law is the 
law of the sines. Snell does not jise the trigonometrical 
terrfi sine, but he expresses the law in a geometrical 
form more simply. •■Even if he had attended to the 
law of the sine», he might reasonably have preferred 
his own way of stating it. 


nuygliens, Dioptrica, p. 2 . 


Liojit. p. 53. 
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James Gregoiy also independently discovered the 
true law of refraction ; and, in publishing it, states 
that he had learnt that it had already been published 
by Descartes]. 

But though Descartes does not, in this instance, 
produce any good claims to the character of an induc- 
tive philosojJier, he showed considerable skill in 
tracing the consequences of the principle when once 
adoj)ted. In particular we must consider him as the 
genuine author of the explanation of the rainbow. It 
is true that Fleischer^ and Kepler had previously 
ascribed this phenomenon to the rays of sunlight which, 
falling on drops of rain, are refracted into each drop, 
reflected at its inner surface, and refracted out again : 
Antonio de Dominis had found that a glass globe 
of water, when placed in a particular position with 
respect to the eye, exhibited bright colours; and had 
hence explained the circular form of the bow, which, 
indeed, Aristotle had done before.^ But none of these 
writers had shown why there was a narrow bright 
circle of a definite diameter; for the drops which send 
rays to the eye after two refractions and a reflection, 
occupy a much wider space in the heavens. Descartes 
assigned the reason for this in the most satisfactory 
manner,® by showing that the rays which, after two 
refractions and a reflection, come to the eye at an angle 
of about forty-one degrees with their original direc- 
tion, are far more dense than those in any other posi- 
tion. He showed, in the same manner, that the 
existence and position of the secondary how resulted 
from the same laws. This is the complete and adequate 
account of the state of things, so far as the brightness 
of the bows only* is concerned; the explanation of the 
colours belongs to the next article of our survey. 

The explanation of the rainbow and of its magni- 
tude, afforded by Snelf s law of sines, was perhaps one 
of the leading points in the verification of the law. 
The principle, being once established, was applied, by 

^ Mont. i. 701. 6 Meteorol. iii. 3 . 

^ Meteorunit cap.viii. p. i 96 . 



HISTORY OP OPTICS. 


278 

the aid of mathematical reasoning, to atmospheric 
refractions, optical instruments, curves, (that 

is, the curves of intense light produced by refraction,) 
and to various other cases ; and was, of course, tested 
and confirmed by such applications. It was, how^ever, 
impossible to pursue these apj)lications far, without a 
due knowledge of the laws by which, in such cases, 
colours are produced. To these we now proceed. 

[2nd Ed.] . [I have omitted many interesting parts 
of the history of Optics about this period, because I 
was concerned with the inductive discovery of laws, 
rather tlian wuth mathematical deductions from such 
laws when established, or aj)pUcations of them in the 
form of instruments. I might otherwise have noticed 
the discovery of Spectacle Glasses, of the Telescope, 
of the Microscope, of the Camera Obscura, and the 
mathematical explanation of these and other pheno- 
mena, as given by Kepler and others. I might also 
have noticed the progress of knowledge respecting the 
Eye and V ision. We have seen that Alhazen described 
the structure of the eye. The operation of the parts 
was gradually made out. Baptista Porta comi)ares the 
eye to his Camera Obscura {Ma(pa Naturalis, i 579 )- 
Scheiner, in his published 1652, completed the 

Theory Qf the Eye. And Kepler discussed some of the 
questions even now often agitated ; as the causes and 
conditions of our seeing objects single with two eyes,* 
and erect with inverted images.] 



279 


CHAPTEE III. 

Discovery or the Law of Dispersion by 
Eefraction. 

E arly attempts were made to account for the 
colours of the rainbow, and various other 
jdieiiomena in wliicli colours are seen to arise from 
tniiisient and unsubstantial combinations of media. 
Thus Aristotle cxi)lains the colours of the rainbow 
by supposing^ that it is light seen through a dark 
medium : ‘ Now,’ says he, the bright seen through 
the dark aj^pears I’ed, as, for instance, the fire of 
green wood seen through,.. the smoke, and the sun 
through mist. Also^ the weaker is the light, or the 
visual power, and the nearer the colour approaches to 
the black; becoming first red, then green, then 
jmrple. But"'* the vision is strongest in the outer 
circle, because the pcrij)hery is greater; — thus we 
shall have a gradation from red, through green, to 
])urple, in passing from the outer to the inner circle.’ 
This account would hardly have deserved much 
notice, if it had not been for a strange afttempt. to 
revive it, or something very like it, in modern times. 
The same doctrine is found in the work of De 
Dominis. ^ According to him, light is white : but if 
we mix with the light something dark, the colours 
arise, — first red, then green, then blue or violet. He 
a[)plies this to explain the colours of the rainbow,® by 
means of the, consideration that, of the rays which 
come to the eye from the globes of water, some go 
through a larger thickness of the globe than others, 
whence he obtains^ the gradation of colours just 
described. 

Descartes came far nearer the true philosophy of 


1 Meteor, iii. 3 , p. 373 , 2 Ib. p. 374- ^ Ib. p. 375. 

Cap. iii. p. 9 . See also Gotlic, Farhenl. vol. ii. p. a5i. 
s Guthe, p. S63. 
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the iridal colours. He found that a similar series of 
colours was produced by refraction of light bounded 
by shade, through a prism ; ® and he rightly inferred 
that neither the curvature of the surface of the drops 
of water, nor the reflection, nor the repetition of re- 
fraction, were necessary to the generation of such 
colours. In further examining the course of the rays, 
he approaches very near to the true conception of the 
case; and we are led to believe that he might have 
anticipated Newton in his discovery of the unequal 
refrangibility of different colours, if it had been pos- 
sible for him to reason any otherwise than in the 
terms and notions of his preconceived hypotheses. 
The conclusion which he draws is,^ that ‘ the particles 
of the subtile matter which transmit the action of 
light, endeavour to rotate with so great a force and 
impetus, that they cannot move in a straight line 
(whence comes refraction): and that those ])articles 
which endeavour to revolve much more strongly pro- 
duce a red colour, those which endeavour to move only 
a little more strongly produce yellow,’ Here we have 
a clear perception that colours and unequal refrac- 
tion are connected, though the cause of refraction is 
expressed by a gratuitous hypothesis. And yve may 
add, thatehe applies this notion rightly, so far as he 
explains himself,® to account for the colours of the 
rainbow. 

It appears to me that Newton and others have done 
Descartes injustice, in ascribing to De Dominis the 
true theory of the rainbow. There are two main points 
of this theory, namely, the showing that a bright 
circular band, of a certain definite diameter, arises 
from the great intensity of the light •returned at a 
certain angle ; and the referring the different colours 
to the different quantity of the refraction; and both 
these ^teps aj)pear indubitably to be the discoveries of 
Descartes. And he informs us that these discoveries 
w'ere not made -without some exertion of thought. 

® Meteor. Sect. viii. p. ipo. 7 Sect. vii. p. 19a. 

8 Meteor. Sect. ix. 
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‘At first/ fie says,^ ‘I doubted wfietfier tfie iridal 
colours were produced in tfie same way as tfiose in tfie 
prism; but, at last, taking my pen, and carefully 
calculating tfie course of the rays wfiicfi fall on eacfi 
part of tfie drop, I found tfiat many more come at an 
angle of forty-one degrees, tlian eitlier at a greater or 
a less angle. So tfiat tfiere is abrigfit bow terminated 
by a shade ; and hence the colours are the same as 
tfiose produced througfi a prism.’ 

The subject was left nearly in tfie same state, in tfie 
work of Grimaldi, Phydco-Mathesis, de Lumine, Colo-- 
rihus et Iride, published at Bologna in 1665. There is 
in this work a constant reference to numerous experi- 
ments, and a systematic exposition of the science in an 
improved state. The author’s calculations concerning 
the rainbow are put in the same form as those of 
Descartes; but he is further from seizing the true 
principle on which its coloration depends. He rightly 
groups together a number of experiments in which 
colours arise from refraction;^® and explains them by 
saying that the colour is brighter where the light is 
denser : and the light is denser on tfie side from which 
the refraction turns the ray, because the increments 
of refraction are greater in the rays that are more 
inclined. This way of treating the question might 
be made to give a sort of explanation of most of the 
facts, but is much more en’oneous than a developement 
of Descartes’s view would have been. 

At length, in 1672, Newton gave^^ the true expla- 
nation of the facts ; namely, that light consists of rays 
of different colours and different refrangibility. This 
now appears to us so obvious a mode of interpreting* 
tlie phenomena, that we can hardly understand how 
they can be conceived in any other manner ; but yet 
the impression which this discovery made, both upon 
Newton and upon* his contemporaries, shows^ how 
remote it was from the then accepted opinions. There 
appears to have been a general persuasion that the 

9 Sect. ix. p. 193. 10 Prop. 35, p. 254. 

PhU. Trails, t. vii. p. 3o75. 


u Ib. p. a55. 



28 z 


HISTOEY OF OPTICS. 


coloration was produced, not by any peculiarity in the 
law of refraction itself, but by some collateral circum- 
stance, — some dispersion or variation of density of the 
light, in addition to the refraction. Newton’s dis- 
covery consisted in teaching distinctly that the law of 
refraction was to be applied, not to the beam of light 
in general, but to the colours in particular. 

When Newton produced a bright spot on the wall 
of his chamber, by admitting the sun’s light through a 
small hole in his window-shutter, and making it pass 
through a prism, he expected the image to be round ; 
which, of course, it would have been, if the colours had 
been produced by an equal dispersion in all directions ; 
but to his surprize he saw the image, or sjyecirum, five 
times as long as it was broad. He found that no con- 
sideration of tlie different thickness of the glass, the pos- 
sible unevenness of its surface, or the different angles of 
rays proceeding from the two sides of the sun, could 
bo the cause of this shape. He found, also, that the 
rays did not go from the prism to the image in curves ; 
he was then convinced that the different colours were 
refracted separately, and at different angles; and he 
confirmed this opinion by transmitting and refracting 
the rays of each colour separately. 

The experiments are so easy and common, and 
Newton’s interpretation of them so simple and evi- 
dent, that we might have expected it to receive 
general assent ; indeed, as we have shown, Descartes 
had already been led very near the same point. In 
fact, Newton’s opinions were not long in obtaining 
general ac;ce])tauce ; but they met with enough of cavil 
*and misappreheiLsion to annoy extremely the dis- 
coverer, whose clear views and quiet temper made him 
impatient alike of stupidity and of contentiousness. 

We need not dwell, long on the early objections 
whicl^were made to Newton’s doctrine. A Jesuit, of 
the name of Ignatius l^irdies, professor at Clermont, 
at first attempted to account for the elongation of the 
image, by the difference of the angles made by the 
i*ays from the two edges of the sun, which would 
produce a difference in the amount of refraction of the 
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two borders ; bul when Newton pointed out the cal- 
culations which showed the insufficiency of tliis expla- 
nation, he withdrew his opposition. Another more 
pei*tinacious opponent appeared in Francis Linus, a 
physician of Liege ; who maintained, that having tried 
the experiment, he found the sun’s image, wheri the 
sky was clear, to be round and not oblong; and he 
ascribed the elongation noticed by Newton, to the 
effect of clouds. Newton for some time refused to 
reply to this contradiction of his assertions, thougli 
obstinately persisted in; and his answer was at last 
sent, just about the time of Linus’s death, in 1675. 
But Gascoigne, a friend of Linus, still maintained that 
he and others had seen what the Dutch physician had 
described; and Newton, who was pleased with the 
candour of Gascoigne’s letter, suggested that the Dutch 
experimenters might have taken one of the images 
reflected from the surfaces of the prism, of which there 
ai’c several, instead of the proper refracted one. By 
the aid of this hint, Lucas of Liege repeated Newton’s 
experiments, and obtained Newton’s result, except 
that he never could obtain a spectrum whose length 
was more than three and a half times its breadth. 
Newton, on his side, persisted in asserting that the 
image would be live times as long as it was broad, if the 
experiment were properly made. It is curious that he 
should have been so confident of this, as to conceive 
himself certain that such would be the result in all 
cases. We now know that the dispersion, and con- 
sequently the length, of the s])ectrum, is very diflerent 
for different kinds of glass, and it is very probable 
that the Dutch prism was really less dispersive than 
the English one.^'^ The erroneous assumj)tion which 
Newton made in this instance, he held by to the last ; 
and was thus prevented from making the discovery of 
which we have next to speak. 

Newton was attacked by persons of more importance 
than those we have yet mentioned; namely, Hooke 
and Huyghens. These philosophers, however, did not 


13 Brewster’s Newton ^ p. So, 
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object so much to the laws of refraction of different 
colours, as to some expressions used by Newton, 
which, they conceived, conveyed false notions respect- 
ing the composition and nature of light. Newton had 
asserted that all the different colours are of distinct 
kinds, and that, by their composition, they form white 
light. This is true of colours as far as their analysis * 
and composition by refraction are concerned ; but 
Hooke maintained that all natural colours are pro- 
duced by various combinations of two primary ones, 
red and violet and Huyghens held a similar doctrine, 
taking, however, yellow and blue for his basis. Newton 
answers, that such compositions as they speak of, are 
not compositions of simple colours in his sense of the 
expressions. These writers also had both of them 
adopted an opinion that light consisted in vibrations; 
and objected to Newton that his language was erro- 
neous, as involving the hypothesis that light was a 
body. Newton apj)ears to have had a horrour of the 
word and protests against its being sup- 

posed that his theory’ rests on such a foundation. 

The doctrine of the unequal refrangibility of diffe- 
rent rays is clearly exemplified in the effects of lenses, 
which produce images more or less bordered with 
colour, ill consequence of this property. The improve- 
ment of telescopes was, in Newton’s time, the great 
practical motive for aiming at the improvement of 
theoretical optics. Newton’s theory showed why 
telescopes were imperfect, namely, in consequence of the 
different refraction of different colours, which produces 
a chromatic aberration : and the theory was confirmed 
by the circumstances of such imperfections. The 
/^alse opinion of which we have alreadjf spoken, that 
jihe dispersion must be the same when the refraction 
I is the same, led him to believe that the imperfection 
I was in^rmountable, — ^that achromatic refraction could 
nut be obtained : and this view made him turn his 
attention to the construction of reflecting instead of 
refracting telescopes. But the rectification of N ewton’s 


Brewster’s Isewtorii p. 54 - PMl- Trans, viii. 5084, 6o8^. 



LAW OP DISPEUSION BY REFRACTION. 285 

errour was a further confirmation of the general truth 
of his principles in other respects; and since that 
time, the soundness of the Newtonian law of refrac- 
tion has hardly been questioned among physical 
philosophers. 

It has, however, in modern times, been very vehe- 
mently controverted in a quarter from which we might 
not readily have expected a detailed discussion on 
such a subject. The celebrated Go the lias written 
a work on The Doctrine of Colour (Farhenlelire ; 
Tubingen, 1810,) one main purpose of which is, to 
represent Newton’s opinions, and the work in which 
they are formally published, (his Oplicksy) as utterly 
false and mistaken, and capable of being assented to 
only by the most blind and obstinate prejudice. Those 
who are acquainted with the extent to which such an 
opinion, promulgated by Gbthc, was likely to be widely 
adopted in Germany, will not be suiqirized that similar 
language is used by other writers of that nation. Thus 
Schelling^^ says, ‘ Newton’s Opticks is the greatest proof 
of the possibility of a whole structure of fallacies, which, 
in all its parts, is founded upon observation and experi- 
ment.’ Giithe, however, does not concede even so much 
to Newton’s Vork. He goes over a large portion of it, 
page by page, quarrelling with the experiments, dia- 
grams, reasoning, and language, without iifbermisSion ; 
and holds that it is not reconcileable with the most 
simple facts. He declares,^^’ that the first time he 
looked through a prism, he saw the white walls of the 
room still look white, ‘ and though alone, I i)ronoimced, 
as by an instinct, that the Newtonian doctrine is false.’ 
We need not here point out how inconsistent with 
the Newtonian doctrine it was, to , expect, as Gbthe 
expected, that the wall should be all over coloured 
various colours. 

Gothe not only adopted and strenuously maintained 
the opinion that the Newtonian theory was false, but 
he framed a system of his ol^n to explain the pheno- 
mena of colour. As a matter of curiosity, it may be 


Voi'lcsungen, p. z7o. 
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worth our while to state the nature of this system ; 
although undoubtedly it forms no part of the progress 
of physical science. Gothe’s views are, in fact, little dif- 
ferent from those of Aristotle and Antonio de Dominis, 
though more completely and systematically developed. 
According to him, colours arise when we see through a 
dim medium (‘ cin triibes mittel’). Light in itself i| 
colourless; but if it be seen through a somewhat dim 
medium, it appeal's yellow; if tlie dimness of the 
medium increases, or if its dej^th be augmented, we 
see the light gradually assume a yellow-red colour, 
which finally is heightened to a ruby-red. On the 
other hand, if darkness is seen through a dim medium 
which is illuminated by a light falling on it, a blue 
colour is seen, which becomes clearer and paler, the 
more the dimness of the medium increases, and darker 
and fuller, as the medium becomes more transparent ; 
and when we come to Hhe smallest degree of the 
jmrest dimness,’ we see the most perfect violet.^7 Jn 
addition to this ‘ doctrine of the dim medium,’ we 
have a second principle asserted concerning refraction. 
In a vast variety of cases, images are accompanied by 
‘ accessory images,’ as when we see bright objects in a 
looking-glass.^^ Now, when an image is displaced by 
refraction, the displacement is not complete, clear 
and sharj), but incomplete, so that there is an accessory 
image along with the principal one.^^ From these 
principles, the colours produced by refraction in the 
image of a bright object on a dark ground, are at 
once derivable. The accessory image is semitrans- 
parent;”^ and hence that border of it which is pushed 
forwards, is drawn from the dark over the bright, and 
there the yellow^ appears; on the other* hand, where 
the clear border laps over the dark ground, the blue 
is seen;2^ hence we easily see that the image must 
appear red and yellow at one end, and blue and violet 
ai the^ther. 

We need not explain this system further, or attempt 


Fnrbenlfhre,^ i5o, p. i5i. 

19 Ib. § 2z7. 20 Ib.§a38. 


IS Ib.§az3. 
21 Ib. § z39. 
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to show how vague and loose, as well as baseless, aro 
the notions and modes of conception which it intro- 
duces. Perhaps it is not difficult to point out the 
peculiarities in Gbthe’s intellectual character which 
led to his singularly unphiloso})hical views on this 
subject. One important circumstance is, that he 
9,ppears, like many persons in whom the poetical 
imagination is very active, to liave been destitute of 
the talent and the habit of geometrical thought. 
In all probability, he never apprehended clearly and 
steadily those relations of position on which the 
Newtonian doctrine de2)ends. Another cause of his 
inability to accept the doctrine jirobably was, that he 
had conceived the ‘ comjmsition’ of colours in some 
way altogether different from that which Newton 
understands by composition. What Gdthe expected 
to see, we cannot clearly collect ; but we know, from 
his own statement, that Jiis intention of experiment- 
ing with a prism arose from his speculations on the 
rules of colouring in pictures; and we can easily sec 
that any notion of the comjiosition of colours which, 
such researches would suggest, would require to be 
laid aside, before he could understand Newton’s theory 
of the composition of light. 

Other objections to Newton’s theory, of a^kind very 
different, have been recently made by that eminent 
master of ojitical science. Sir David Brewster. He 
contests Newton’s oinnion, that the coloured rays into 
which light is sejiarated by refraction are altogether 
simple and homogeneous, and incaj)able of being 
further analysed or modified. For he finds that by 
passing such rays through coloured media (as blue 
glass for insttince), they are not only absorbed and 
transmitted in very various degrees, but that some 
of them have their colour altered ; which effect he 
conceives as a further analysis of the rays, one com- 
ponent colour being absorbed and the other 'trails- 
mitted.22 And on this subject we can only say, as we 
have before said, that Newton has • incontestably and 

‘2 This latter fact has, however, been denied by other experi- 
menters. 
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completely established his doctrine, so far as analysis 
and decomposition hj refraction are concerned; bnt 
that with regard to any other analysis, which absorb- 
ing media or other agents may produce, we have no 
right from his experiments to assert, that the colours 
of the spectrum are incapable of such decomposition. 
The whole subject of the colours of objects, both 
opake and transparent, is still in obscurity. Newton’s 
conjectures concerning the causes of the colours of 
natural bodies, appear to help us little; and his 
opinions on that subject are to be separated altogether 
from the important step which he made in optical 
science, by the establishment of the true doctrine of 
refractive dispersion. 

[2nd Ed.] [After *a careful re-consideration of Sir 
D. Brewster’s asserted analysis of the solar light into 
three colours by means of absorbing media, I cannot 
consider that he has established his point as an exception 
to Newton’s doctrine. In the first place, the analysis 
of light into three colours appears to me quite arbitrary, 
granting all his experimental facts. I do not see why, 
using other media, he might not just as well have 
obtained other elementary colours. In the next place, 
this cannot be called an analysis in the same sense 
as Newton’s analysis, except the relation between 
the two is shown. Is it meant that Newton’s experi- 
ments prove nothing? Or is Newton’s conclusion 
allowed to be true of light wliich has not been analysed 
by absorption ? And where are we to find such light, 
since the atmosphere absorbs? B\it, I must add, in 
the third place, that with a very sincere admiration 
of Sir D. Brewster’s skill as an experimenter, I think 
his experiment requires, not only limitation, but 
confirmation by other experimenters. Mr. Airy re- 
peated the experiments with about thirty different 
absorbing substances, and could nofc satisfy himself that 
in any case they changed the colour of a ray of given 
refractive power. These experiments were described 
by him at a meeting of the Cambridge Philosophical 
Society.] 

We now proceed to the corrections which the next 
generation introduced into the details of this doctrine. 
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CHAPTEB IV. 

Discovery of Achromatism. 

T he discovery that the laws of refractive dispersion 
of difierent substances were such as to allow of 
combinations which neutralized the dispefsion without 
neutralizing the refraction, is one which has hitherto 
been of more value to art than to science. The pro- 
perty has no definite bearing, which has yet been 
satisfactorily explained, upon thi^theory of light ; but 
it is of the greatest importance in its application 
to the construction of telescopes; and it excited the 
more notice, in consequence of the prejudices and 
difficulties which for a time retarded the discovery. 

Newton conceived that he had proved by experi- 
ment,^ that light is white after refraction, when the 
emergent rays are parallel to the incident, and in no 
other case. If this were so, the production of colour- 
less images by refracting media would be impossible; 
and such, in deference to Newton’s great authority, 
was for some time the geneml persuasion. Euler® 
observed, that a combination of lenses which does not 
colour the image must be possible, since we have an 
example of such a combination in the human eye; and 
he investigated mathematically the conditions requi- 
site for such a result. Klingenstierna,'^ a Swedish 
mathematician, also showed that Newton’s rule could 
not be universally true. Finally, John Dollond,^ in 
1757, repeated*Newton’s experiment, and obtained an 
opposite result. He found that when an object was 
seen through two prisms, one of glass and one of water, 
of such angles that it Hid not appear displaced by refrac- 
tion, it was coloured. Hence it followed that, without* 
being coloured, the rays might be made to undergo 

1 OptieJes, B. i.p. ii. Prop. 3. * Ac. Berlin, 

Swedish Tram. 1754. ^ Phd. Tram, i 758 . 

VOL. II. U 
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refraction ; and that thus, substituting lenses for 
prisms, a combination might be formed, which should 
produce an image without colouring it, and make the 
construction of an achromatic telescof)e possible. 

Euler at first hesitated to confide in Dollond’s 
experiments ; but he was assured of their correctness 
by Clairaut, who had throughout paid great attention 
to the subject ; and those two great mathematicians, 
as well as D’Alembert, proceeded to investigate ma- 
thematical formula3 which might be useful in the 
apjdication of the discovery. The remainder of the 
deductions, which were founded upon the laws of 
dispersion of various refractive substances, belongs 
rather to the historj^f art than of science. Dollond 
used at first, for his achromatic object-glass, a lens of 
crown-glass, and one of flint-glass. He aftei’wards 
employed two lenses of the former substance, including 
between them one of the latter, adjusting the curva- 
tures of his lenses in such a way as to correct the 
imperfections arising from the spherical form of the 
glasses, as well as the fault of colour. Afterwards 
lllair used fluid media along with glass lenses, in 
order to produce improved object-glasses. This has 
more recently been done in another form by IVIr. 
Barlow. < The inductive laws of refraction being esta- 
blished, their results have been deduced by various 
mathematicians, as Sir J. llerschcl and Professor Airy 
among ourselves, who have simplified and extended the 
investigation of the formulae which determine the 
best combinations of lenses in the object-glasses and 
eye-glasses of telescopes, both with reference to sphe- 
rical and to chromatic aberrations. 

According to Dollond’s discovery, the coloured spectra 
produced by prisms of two substances, as flint-glass and 
crown-glass, would be of the same length when the 
refrii^tion was different. But a question then occurred : 
When the whole distance from the red to the violet in 
one spectrum w^s the same as the whole distance in 
the other, were the intermediate colours, yellow, green, 
&c. in corresponding places in the two ? This point 
also could not be determined any otherwise than by 
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experiment. It appeared that such a correspondence 
did not exist; and, therefore, when the extreme 
colours were corrected by combinations of the dif- 
ferent media, there still remained an uncorrected 
residue of colour arising from the rest of the spectrum. 
This defect was a consequence of the property, that 
the spectra belonging to different media were not 
divided in the same ratio by the same colours, and 
was lienee termed the Irrationality of the spectrum. 
By using three prisms, or three lenses, three colours 
may be made to coincide instead of two, and the 
effects of this irrationality greatly diminished. 

For the reasons already mentioned, we do not pursue 
this subject further,^ but turn i» those optical facts 
which finally led to a great and conqirehensi ve theory. 

[2nd Ed.] [Mr. Chester More Hall, of More Hall, 
in Essex, is said to have been led by the study of the 
human eye, which he conceived to be achromatic, to 
construct achromatic telescojies as early as 1729. Mr. 
Hall, howevei', kejit his invention a secret. David 
Gregory, in his (17 13),. had suggested that 

it would perhaps be an imjiroveinent of telescopes, if, 
in imitation of the human eye, the object-glass were 
composed of different media. Encyc, Brit. art. Optics. 

It is said that Clairaut first discovered the* irration- 
ality of the coloured spaces in the sjiectrum. In con- 
sequence of this irrationality, it follows that when two 
refracting media are so combined as to correct each 
other’s extreme dispersion, (the separation of the red 
and violet rays,) this first step of correction still leaves 
a residue of coloration, arising from the unequal 
dispersion of the intermediate rays (the green, &c.) 
These ontstanding colours, as they were termed by 
Professor Bobison, form the residual, .or secondary 
spectrum. 

Dr. Blair, by very ingenious devices, succeeded in 


^ The discovery of /twesinthe spectrifm, by Wollaston and 

Fraunhofer, has more recently supplied the means of determiuii;!», 
Avith extreme accuracy, the corresponding portions of the spectrum in 
dificreiit refracting substances. 
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producing an object-glass, corrected by a fluid lens, in 
which this aberration of colour was completely cor- 
rected, and wliich performed wonderfully well. 

The dispersion produced by a prism may be cor- 
rected by aiiother^rism of the smne substance and of 
a different angle. In this case also there is an irra- 
tionality in the colom^ed spaces, which prevents the 
correction of colour from being complete; and hence, 

, a new residuai'y spectrum, which has been called the 
/ tertiary spectrum, by Sir David Brewster, who first 
noticed it. 

I have omitted, in the notice of discoveries respecting 
the spectrum, many remarkable trains of experimental 
research, and especially the investigations respecting 
the power of various media to absorb the light of 
different parts of the si)ectrum, prosecuted by Sir 
David Brewster with extraordinary skill and sagacity. 
These observations are referred to in chap. iii. Bir 
John Herschcl, Prof. Miller, Mr. Daniel, Dr. Faraday, 
and Mr. Talbot, have also contributed to this part of 
our knowledge.] 



m 


CHAPTER V. 

Discovery of the Laws of Double Refraction. 

T he laws of refraction which we have hitherto 
described, were simple and uniform, and had a 
symmetrical reference to the surface of the refracting 
medium. It appeared strange to men, when their 
attention was drawn to a class of phenomena in which 
tliis symmetry was wanting, and in which a refraction 
took jdace which was not even in the plane of inci- 
dence. The subject was not unworthy the notice and 
admiration it attracted; for the prosecution of it 
ended in the discovery of the general laws of light. 
Tlie phenomena of which 1 now speak, are those 
exliibited by various kinds of crystalline bodies ; but 
observed for a long time in one kind only, namely, the 
rhombohcdral calc-spar; or, as it was usually termed, 
from the country which supplied the largest and 
clearest crystals, Iceland sj^ar. These rhombohedral 
crystals are usually very smooth and transparent, and 
often of considerable size; and it was observed, on 
looking through them, that all objects appeared double. 
The phenomena, even as early as 1669, had been con- 
sidered so curious, that Erasmus Bartholin published 
a work upon them at Copenhagen,^ i^Experimeuta 
Cry stain Islandici, Hafnise, 1669.) He analysed the 
phenomena into their laws, so far as to discover that 
one of the two images was produced by refraction 
after the usual rule, and the other by an unusual 
refraction. This latter refraction Bartholin found to 
vary in different positions; to be regulated by a line 
parallel to the sides of the rhombohedron ; and to be 
greatest in the directien of a line bisecting two of the 
angles of the rhombic face of the crystal. 

These rules were exact as faV as they went ; and 
when we consider how geometrically <x>mplex the law 
is, which really regulates the unusual or extraordinary 


^ Triestley’s Optics , p. 55o. 
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refraction; — that Newton altogether mistook it, and 
that it was not verified till the experiments of Ilaiiy 
and Wollaston in our own time; — we might expect 
that it would not be soon or easily detected. But 
Huyghens possessed a key to the secret, in the theory, 
which he had devised, of the propagation of light by 
undulations, and which he conceived with perfect dis- 
tinctness and correctness, so far as its application to 
these phenomena is concerned. Hence he was enabled 
to lay down the law of the phenomena (the only part 
of his discovery which we have here to consider), with 
a precision and success which excited deserved admira- 
tion, wlien tlie subject, at a much later period, regained 
its due share of attention. His Treatise was written^ 
in 1678, but not published till 1690. 

The laws of the ordinary and the extraordinary 
refraction in Iceland spar are related to each other ; 
they are, in fact, similar constructions, made, in the 
one case, by means of an imaginary sphere, in the 
other, by means of a spheroid; the spheroid being of 
such oldateness as to suit the rhombohedral form of 
the crystal, and the axis of the spheroid being the axis 
of symmetry of the crystal. Huyghens followed this 
general conce})tiou into particular positions and condi- 
tions; aud thus obtained rules, which he eompared 
with observation, for cutting the crystal and tiansniit- 
ting the rays in various manue.rs. ‘ I have examined 
in detail,’ says he,^ ‘ the properties of the extraordinary 
refractiim of this crystal, to see if each phenomenon 
which is deduced from theory, would agree with wliat 
is really observed. And this being so, it is no slight 
proof of the truth of our suppositions and principles ; 
but what I am going to add here confirms them still 
more wonderfully; that is, the different mofles of 
cutting this crystal, in which the surfaces produced 
give/ rise to refractions exactly such as they ought to 
be, and as I had foreseen them, according to the 
preceding tlieory.’ 

2 See his TraiU de la Lumitrt. Preface. 

® See Maseres’s Trades on Optics^ p. ajo ; or Huyghens, Tr. sur la 
Lum» ch. V. Art. 43. 
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Statements of this kind, coming from a philosopher 
•like Huyghens, were entitled to great confidence; 
J^ewton, however, appears not to have noticed, or to 
have disregarded them. In his Opticks, he gives a 
I’ule for tlie extraordinary refraction of Iceland spar 
which is altogether erroneous, without assigning any 
reason for rejecting the law published by Huyghens; 
and, so far as ajipears, without having made any 
experiments of his own. The Hnyglienian doctiine of 
double refraction fell, along with his theory of undula- 
tions, into temporary neglect, of which we shall have 
hereafter to speak. But in 1788, Haiiy showed that 
Huygliens’ rule agreed much better than Newton’s 
with the phenomena: and in 1802, Wollaston, apjdy- 
ing a method of his own for measuring refraction, 
came to the same result. ‘ He made,’ says Young,^ ‘a 
num!>cr of accurate experiments with an apparatus 
singularly well calculated to examine the phenomena, 
but could find no general pi’inciple to connect them, 
until the work of Huyghens was pointed out to him.’ 
In 1808, the subject of double refraction was proposed 
as a prize-question by the French Institute; and 
Malus, wiiose Memoir obtained the prize, says, ‘ I 
began by observing and measuring a long series of 
phenomena on natural and artificial faces pf Iceland 
S[)ar. Tlien, testing by means of these observations 
the different laws ])roposed up to the preseijt time by 
j)hysica,l writers, 1 was struck with the admirable 
agreement of the law of Huyghens with the jdieno- 
meiia, and I was soon convinced that it is really the 
law of nature.’ Pursuing the consequences of the 
law, he found that it satisfied phenomena which Huy- 
ghens himself* had not observed. From this time, 
tlien, the truth of the Huyghenian law was universally 
allowed, and soon afterwards, the theory by which 
it had been suggeste 3 was generally received. , 

The property of double rcfi'action had been first 
studied only in Iceland spar, in which it is vcvry 
obvious. The same property belongs, though less 


4 Qtuui;, Jiev. 1809, Nov. p. 338 . 
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iconspicuously, to many other kinds of crystals Hiiy- 
gliens had noticed the same fact in rock-crystal;^ and 
j Mains found it to belong to a large list of bodies 
’besides; for instance, arragonite, sulphate of lime, of 
baryta, of stroiitia, of iron ; carbonate of lead ; zircon, 
corundum, cyinoplianc, emerald, euclase, felspar, meso- 
type, peridotc, sulphur, and mellite. Attempts were 
made, with imperfect success, to reduce all these to 
the law wljich had been established for Iceland spar. 
In the first instance, Malus took for granted that the 
extraordinary refraction depended always upon an 
oblate spheroid; but M. Biot^ pointed out a distinc- 
tion between two classes of crystals in which this 
spheroid was oblong and oblate respectively, and 
these he called attractive and repulsive crystals. With 
this correction, the law could be extended to a con- 
siderable number of cases; but it was afterwards 
proved by Sir D. Brewster s discoveries, that even in 
this form, it belonged only to substances of which the 
crystallization has relation to a single axis of sym- 
metry, as the rhombohedron, or the square ])yraniid. 
In other cases, as the rhombic juism, in which the 
form, considered with reference to its crystalline sym- 
metry, is hiaxal, the law is much more complicated. 
In that evase, the sphere and the s])heroid, which are 
used in the construction for uniaxal crystals, transform 
themselves into the two successive convolutions of a 
single continuous curve surface; neither of the two 
rays follows the law of ordinary refraction ; and the 
formula which determines their position is very com- 
plex. It is, however, capable of being tested by 
measures of the refraction of crystals cut in a peculiar 
maimer for the purpose, and this was* done by MM. 
Fresnel and Arago. But this complex law of double 
refraction was only discovered through the aid of the 
theory of a luminiferous ether, alid therefore we must 
now return to the othel* facts which led to such a 
theory. 


® TraUi de la Lnmihre^ ch. v. Art. zo. 
*> Biot, Traits de Phys, iii. 330. 
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CHAPTER VI. 

Discovery of the Laws of Polarization. 

I F the Extraordinary Refraction of Iceland spar had 
. appeared strange, another phenomenon was soon 
noticed in the same substance, which appeared stranger 
still, and which in the sequel was found to be no less 
important. I speak of the facts which were after- 
wards described under the term Polarization. Huy- 
ghens was the discoverer of this class of facts. At the 
end of the treatise which we liave already quoted, he 
says,i ‘ Before I quit the subject of this crystal, I will 
add one other marvellous phenomenon, which I have 
discovered since writing the above; for though hitherto 
I have not been able to find out its cause, I will not, 
on that account, omit pointing it out, that I may give 
occasion to others to examine it.’ He then states the 
phenomena ; which are, that when two rhombohedrons 
of Iceland spar arc in parallel positions, a ray doubly 
refracted by the first, is not further divided when it 
falls on the second; the ordinarily refracted ray is 
ordinarily refracted onhj, and the extraordinary ray is 
only extraordinarily refracted by the second crystal, 
neither ray being doubly refracted. The same is still 
the case,'if the two crystals have their principal planes 
parallel, though they themselves are not parallel. But 
if the principal plane of the second crystal be perpen- 
dicular to that of the first, the reverse of what has 
been described takes place; the ordinarily refracted 
ray of the first crystal suffei*s, at th.e second, extra- 
ordinary refraction only, and the extraordinary ray of 
the first suffers ordinary refraction only at the pecond. 
Thus, in each of these positions, the double refraction 
of each ray at the second crystal is reduced to single 
refraction, though in a different inanner in the two 


^ Tr. opt, p. 253. 
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cases. But iu any other position of the crystals, each 
ray, produced by the first, is dbuhly refracted by the 
second, so as to produce four rays. 

A step in the right conception of these phenomena 
was made by Newton, in the second edition of his 
02 )tichs (1717). He represented them as resulting 
from this; — that the rays of light have ‘sides,’ and 
that they undergo the ordinary or extraordinary 
refraction, according as these sides are parallel to tlie 
principal plane of the crystal, or at right angles to it 
(Query 26). In this way, it is clear, that those rays 
which, in the first ciystal, had been selt'ctod for extra- 
oi'dinary refraction, because their sides were per- 
pendicular to the principal plane, would all suffer 
extraordinary refraction at the second crystal for the 
same reason, if its prinoii>al jdane were jiarallel to that 
of the first; and would all sutler ordiiuiry refraction, 
if the principal plane of the second crystal wore ])er- 
pendicular to that of the first, and consequently ])arallcl 
to the sides of the refracte<l ray. This view of tlie 
subject includes some of the leading featiires of the 
case, but still leaves several considerable difficulties. 

No material advance was made iu the subject till it 
was taken up b}'" Malus,^ along with the other circum- 
stances of,, double refraction, about a hundred years 
afterwards. He verified what had been observed by 
lluyghens and Newton, on the subject of the varia- 
tions which light thus exhibits; but he discovered that 
this modification, in virtue of which light undergoes 
the ordinary, or the extraordinary, refraction, accord- 
ing to the jiosition of the plane of the crystal, may be 
impressed upon it in many other w^ays. One part of 
this discovery was made accidentally!^ In 1808, 
Malus happened to be observing 43he light of the 
setting sun, reflected from the windows of the Luxem- 
bourg,^ through a rhombohedron of Iceland s]^ar; and 
he observed that in turning round the crystal, the two 
images varied in their intensity. Neither of the images 

2 MaliiP, Th. de. la DohJIk Jte/. p. 296. 

Arago, art. Folarizationi Supp. Fnc. Brit. 
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coin})iote]y vanished, because the light from the 
windows was not properly modified, or, to nse the 
term which Mains soon- adopted, was not completely 
'polarized. Tlie complete polarization of light by 
refhictioii from glass, or any other transj)arent sub- 
stance, was found to take place at a certain definite 
angle, different for each substance. It was found 
also that in all crystals in which double refraction 
occurred, the se])aration of the refracted rays was 
accoinj)anie(l by polarization; the two rays, the ordi- 
nary and the extraordinary, being always .j)olarized 
oppositely, that is, in planes at right angles to each 
other. The term poles^ used by Mai us, conveyed 
nearly the same notion as the term sides which had 
been eni])loyc(l by Newton, with the additional con- 
ception of a j)roperty which aj)pcared or disappeared 
according as the jx)les of the particles were or were 
not in a cei’tain direction; a jiropcrty thus resembling 
the polarity of magnetic bodies. WJjcn a sjiot of 
polarized light is looked at through a transparent 
crystal of Iceland spar, each of the two images pro- 
duced by the double refraction varies in brightness 
as the crystal is turned round. If, for the sake of 
exam2)le, we supj)ose the crystal to be turned round 
in the direction of the ])oints of the compass, N, E, S', W, 
find if one image be brightest when the crystal marks 
N and S, it will disappear when . the crystal marks E 
and W : and on the contrary, the second image will 
vanish when the crystal marks N and S, and will be 
brighte.st when the ciystal marks E and W. The first 
of these images is jiolarized in the plane NS passing 
through thc^ray, and the second in the plane EW, 
perpendicular to the other. And these rays are 
oj)positely ])olarized. It was further found that whether 
the ray were i)olarized by refl(iction from glass, or from 
water, or by double refraction, the modificaf^on of 
light so produced, or the. nature of the polarization, 
was identical in all these cases; — that the alternatives 
of ordinary and extraordinary refraction and non- 
refraction, wore the same, by whatever crystal they 
were tested, or in whateA^er manner the polarization 
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had been impressed upon the light ; in short, that the 
property, when once acquired, was independent of 
everything except the sides oi* j^oles of tlie ray ; and 
thus, in i8ii,theterm ‘ polarization’ was introduced.'^ 

This being the state of the subject, it became an 
obvious question, by what other means, and according 
to what laws, this property was communicated. It 
was found that some crystals, instead of giving, by 
double refraction, two images oj)])ositely polarized, 
give a single polarized image. This property was dis- 
covered in the agate by 8ir D. Brewster, and in 
tourmaline by M. Biot and Dr. Scobeck. The hitter 
mineral became, in consequence, a very convenient 
part of the apparatus used in such observations. 
Various peculiarities bearing iqx,)!! tliis subject, were 
detected by dilferent experimenters. It was in a 
short time divseovered, that light might be i)o]arized by 
refraction, as well as by reflection, at the surface of 
unc^stallizcd bodies, as glass; the plane of polai’ization 
being perpendicular to the plane of refraction; further, 
that when a portion of a ray of light was polarized by 
reflection, a corresponding portion was polarized by 
transmission, the planes of the two polarizations being 
at right angles to each other. It was found also that 
the polarisation which was incomplete with a single 
I)late, either by reflection or refraction, might be made 
more and more complete by increasing the number 
of plates. 

Among an accumulation of phenomena like this, it 
is our business to inquire what general laws were 
discovered. To make such discoveries without pos- 
sessing the general theory of the facts, required no 
ordinary sagacity and good fortune. Yel several laws 
were detected at this stage of the subject. Malus, in 
i8ii, obtained the important generalization that, 
whenever we obtain, by any mean^, a polarized ray of 
light, we produce also another ray, polaiized in a 
contrary direction; thus when reflection gives a 
polarized ray, the (Dompanion-ray is refracted polarized 
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oppositely, along with a quantity of unpolarized light. 
And we must particularly notice Sir D. Brewsters 
rule for the polarizing angle of different bodies. 

Malus^ had said that the angle of reflection from 
transparent bodies, which most completely polarizes 
the reflected ray, does not follow any discoverable rule 
with regard to the order of refractive or dispersive 
powers of the substanc()s. Yet the rule was in reality 
very simple. In 1815, Sir D. Brewster stated^ as the 
law, which in all cases determines this angle, that ‘ the 
index of refraction is the tangent of the angle of 
polarization.’ It follows from this, that the polariza- 
tion takes place wlien the reflected and refracted rays 
are at right angles to each other. This simple and 
elegant rule has been fully confirmed by all subsequent 
observations, as by those of MM. Biot and Seebeck; 
and must be considered one of the happiest and most 
important discoveries of the laws of phenomena in 
Optics. 

The rule for polarization by one reflection being 
thus discovered, tentative formulae were proposed by 
Sir D. Brewster and M. Biot, for the cases in which 
several reflections or refractions take place. Fresnel 
also, in 1817 and i8i8, traced the efiect of reflection 
in modifying the direction of polarization, which 
Malus had done inaccurately in 1810. But the com- 
plexity of the subject made all such attempts extremely 
precarious, till the theory of the phenomena was 
understood, a period which now comes under notice. 
The laws which we have sj)oken of were important 
materials for the establishment of the theory; but in 
the mean time, its progress at first had been more 
forwarded b/some other classes of facts, of a different 
kind, and of a longer standing notoriety, to which we 
must now turn our attention. 

I 

® Phil Trans. i 8 i 5 . 
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CHAPTER YIL 

Discovery of the Laws op the Colours of 
Thin Plates. 

T he facts wliicli we have now to consider are 
remarkable, inasmuch as the colours are produced 
merely by the smallness of dimensions of the bodies 
employed. Tlie light is not analysed by any peculiar 
property of the substances, but dissected by the minute- 
ness of their parts. On this account, these phenomena 
give very iu)])ortant indications of the real structure 
of light; and at an early period, suggested views which 
are, in a great measure, just. 

Hooke appears to be the first person who made any 
progress in discovering the laws of the colours of thin 
plates. In his MicrograpMa, printed by the Royal 
{Society in 1664, he describes, in a detailed and syste- 
matic manner, several phenomena of this kind, which 
he calls ‘ fantastical colours.’ He examined them in 
Muscovy glass or mica, a transparent mineral which 
is capable p^ being split into the exceedingly thin films 
which are requisite for such colours; he noticed them 
also in the fissures of the same substance, in bubbles 
blown of water, rosin, gum, glass; in the films on the 
surface of tempered steel ; between two plane pieces of 
glass; and in other cases. He perceived also,^ that the 
production of each colour required a plate of deter- 
minate thickness, and he employed this circumstance 
as one of the grounds of his theory of li*^it. 

Newton took up the subject where Hooke had left 
it ; and followed it out with his accustomed skill and 
clearness, in his Discourse on Liglic and Colours, com- 
municated to the Royal Society in 1675. He deter- 
mined, what Hooke had not ascertained, the thickness 
of the film which Vas requisite for the production of 
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each colour; and in this way explained, in a complete 
and admirable manner, the coloured rings which occur 
when two lenses are pressed together, and the scale of 
colour which the rings follow ; a step of the more con- 
sequence, as the same scale occurs in many other optical 
phenomena. 

It is not our business here to state the hypothesis 
with regard to the properties of light which Newton 
founded on these facts; — the ^hts of easy transmission 
and reflection.’ We shall see hereafter that his 
attempted induction was imperfect ; and his endeavour 
to account, by means of the laws of thin plates, for the 
colours of natural bodies, is altogether unsatisfactory. 
But notwithstanding those failures in the speculations 
on this subject, he did make in it some very important 
ste])s; for he clearly ascertained that when the thick- 
ness of the plate was about i-i 78000th of an inch, or 
three times, five times, seven times that magnitude, ' 
there was a bright colour produced ; but blackness, 
when the thickmjss was exactly intermediate between 
those magnitudes. He found, also, that the thick- 
nesses whicli gave red and violet’^ were* as fourteen to 
nine; and the intermediate colours of course corre- 
sponded to intermediate thicknesses, and therefore,, in 
his ap})aratus, consisting of two lenses pressed together, 
appeared as rings of intermediate sizes. His mode of 
confirming the rule, by throwing u})on this a])paratus 
differently coloured homogeneous light, is striking and 
elegant. ‘ It was very pleasant,’ he says, ‘ to see the 
rings gradually swell and contract as the colour of the 
light was changed.’ 

It is not necessary to enter further into the detail 
of these phenomena, or to notice the rings seen by 
transmission, and other circumstances. ‘The important 
step made by Newton in thi% matter was, the showing 
that the rays of light*, in these experiments, as they pass 
onwards? go periodically through certain cycles of modi- 
fleation, each period occupying nearly the small fraction 
of an inch mentioned above; and tkis interval being 
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different for different colours. Although Newton did 
not correctly disentangle the conditions under which 
this periodical character is manifestly disclosed, the 
discovery that, under some circumstances, such a peri- 
odical character does exist, was likely to influence, and 
did influence, materially and beneticially, the subse- 
quent progress of Optics towards a connected theory. 

We must now trace this progress; but before we 
proceed to this task, we will briefly notice a number 
of optical phenomena which had been collected, and 
which waited for the touch of sound theory to introduce 
among tlieni that rule and order which mere observa- 
tion had sought for in vain. 



3^5 


CHAPTER VIIL 

Attempts to discover the Laws of other 
Phenomena. 

T he phenomena which result from optical combina- 
tions, even of a comparatively simple nature, are 
extremely complex. The theory which is now known 
accounts for these results with the most curious exact- 
ness, and points out the laws which pervade the appa- 
rent confusion; but without this key to the appearances, 
it was scarcely possible that any rule or order should be 
detected. The undertaking was of the same kind as it 
would have been, to discover all the inequalities of 
the moon’s motion without the aid of the doctrine of 
gravity. We will enumerate some of the phenomena 
which thus employed and perplexed the cultivators of 
optics. 

The fringes of shadows were one of the most curious 
and noted of such classes of facts. These were first 
remarked by Grimaldi^ (1665), and referred by him 
to a property of light which he called Diffraction, 
When shadows are made in a dark room^, by light 
admitted through a very small hole, these appearances 
are very conspicuous and beautiful. Hooke, in 1672, 
communicated similar observations to the Royal 
Society, as ‘ a new property of light not mentioned by 
any optical writer before by which we see that he 
had not heard of Grimaldi’s experiments. Newton, 
in his Opticks, treats of the same phenomena, which he 
ascribes to the inflexion of the rays of light. He asks 
(Qh. 3)^ ^ Are not the rays of light, in passing by the 
edges and sides of bodies, bent several limes backward 
and forward with a motion like that of an eel? And 
do not the three fringes of colojired light in shadows 
arise from three such bendings?’ Ip is remarkable 
that Newton should not have noticed, that it is im- 
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possible, in this way, to account for the facts, or even 
to express their laws ; since the light wliicli produces 
the fringes must, on this theoiy, be propagated, even 
after it leaves the neighbourhood of the opake body, 
in curves, and not in straight lines. Accordingly, all 
who have taken up Newton’s notion of inflexion, have 
inevitably failed in giving anything like an intelligible 
and coherent character to these phenomena. This is, 
for example, the case with Mr. (now Lord) Brougham’s 
attempts in the Philosophical Transactions for 179^. 
The same may be said of other experimenters, as 
Mairan^ and Du Four,*^ who attempted to explain the 
facts by su])posing an atmosphere about the oj)ake 
body. Several authors, as Maraldi,^ and Coniparetti,^ 
repeated or varied these experiments in diflerent ways. 

Newton had noticed certain rings of colour produced 
by a glass speculum, which he called ‘colours of thick 
plates,’ and which he attempted to connect with the 
colours of thin plates. His reasoning is by no means 
satisfactory ; but it was of use, by pointing out this as 
a case in which his ‘ fits’ (the small periods, or cycles 
in the rays of light, of W’hich we have spoken) con- 
tinued to occur for a considerable length of the ray. 
But other persons, attempting to repeat his experi- 
ments, confounded with them extraneous phenomena 
of other kinds ; as the Due de Chaulnes, who spread 
muslin before his mirror,® and Dr. Herschel, who 
scattered hair-powder before his.^ The colours pro- 
duced by the muslin were those belonging to shadows 
of gratincfs, afterwards examined more successfully by 
Fraunhofer, when in possession of the theory. We 
may mention here also the colours which appear on 
finel^^-striated surfaces, and on mother-of-i)earl, feathers, 
and similar substances. These had been exam^ed by 
various persons (as Boyle, Mazeas, Lord Brougham), 
but ^ould still, at this period, be only looked upon as 
insulated and lawless facts. 


* Ac. Par. 1738. 3 MSmoires PrSsentSs^ vol. v. * Ac. Par. i7z3. 
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CHAPTER IX. 


Discovery of the Laws of Phenomena of 
Dipolarized Light. 

B esides the above-mentioned perplexing cases of 
colours produced by common light, cases oi perio- 
dical colours produced by polarized liyht began to be 
discovered, and soon became numerous. In August, 
i8ti, M. Arago communicated to the Institute of 
France an account of colours seen by passing polarized 
light through mica, and aualysiny^ it witli a prism of 
Iceland spar. It is remarkable that the light which 
produced the colours in this case was the liglit polarized 
by the sky, a cause of polarization not previously 
known. The effect which the mica thus produced was 
termed depolarization ; — not a very happy term, since 
the effect is not the destruction of tlie polarization, but 
the combination of a new polarizing influence with the 
former. The word dipolarizatimi, which has since 
been proposed, is a much more appropriate expression. 
Several other curious })henomena of the same kind 
were observed in quartz, and in flint-glass. M. Arago 
was not able to reduce these phenomena to laws, but 
he had a full conviction of their value, and ventures 
to class them with the great steps in this part of 
optics. ‘ To Bartholin we owe tlie knowledge of double 
refraction; to Huyghens, that of the accompanying 
polarization ; t^ Malus, polarizjition by reflection ; to 
Arago, depolarization.’ Sir D. Brewster was at the 
same ijjpe engaged in a similar train of research; and 
made discoveries of thp same nature, which, though not 
published till some time after those of Arago, Vere 
obtained without a knowledge of what had been done 


' The prism of Iceland spar produces the colours by separating the 
transmitted rays according to the laws of double refraction. Hence it 
is said to analyse the light. 



HISTORY OP OPTICS. 


308 

by liim. Sir D. Brewster’s Treatise on New Philo- 
sofldeal ])ublished in 1813, contains many 

curious experiments on the ‘ depolarizing’ properties 
of luiiierals. Both these observers noticed the changes 
of colour wliicli are produced by clianges in the position 
of the ray, and the alternations of colour in the two 
oppositely polarized images ; and Sir I). Brewster dis- 
covered that, in topaz, the phenomena had a certain 
reference to lines which he called the neutral and 
depolarizing axes. M. Biot had endeavoured to reduce 
the phenomena to a law ; and had succeeded so far, 
that he found that in the jdates of suljdiate of lime, the 
place of the tint, estimated in Newton s scale (see ante, 
chap, vii.), was as the square of the sine of the inclina- 
tion. But the laws of these phenomena became much 
more obvious when they were observed by Sir D. 
Brewster with a larger held of view.^ He found that 
the colours of topaz, under the circumstances now 
described, exhibited themselves in the form of ellip- 
tical rings, crossed by a black bar, ^ the most brilliant 
class of phenomena,’ as he justly says, ‘in the whole 
range of optic.s.’ In 1814, also, Wollaston observed 
the circular rings with a black cross, produced by 
similar means in calc-spar; and M. Biot, in 1815, made 
the same observation. The rings, in several of these 
cases, were carefully measured by M. Biot and Sir 
D. Brewster, and a great mass of similar phenomena 
was discovered. These were added to by various 
persons, as M. Seebeck, and Sir J ohii Herschel. 

Sir 1 ). Brewster, in 1818, discovered a general 
relation between the crystalline form and the optical 
properties, which gave an incalculably impulse and a 
new clearness to these researches. He found that 
there was a correspondence between the d^ree of 
symmetry of the optical phenomena and the crystalline 
furn! ; those crystals which are uniaxal in the ciystal- 
lographical sense, are also uniaxal in their optical 
properties, and give circular rings; those which are of 
other forms are, generally speaking, biaxal ; they give 


2 PhU. Trans. 1814. 
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oval and knotted isochromatic lines, with two poles. 
He also discovered a rule for the tint at each point in 
such cases; and thus explained, so far as an empirical 
law of phenomena went, the curious and various forms 
of the coloured curves. This law, when simplified by 
M. Biot,^ made the tint proportional to the product 
of the distances of the point from the two poles. In 
the following year. Sir J. Hei*scliel confirmed this law 
by showing, from actual measurement, that the curve 
of the isochromatic lines in these cases was tlie curve 
termed the lemniscata, which has, for each point, the 
product of the distances from two fixed })olcs equal to 
a constant quantity.^ He also reduced to rule some 
other ai)parent anomalies in })hcnoinena of the same 
class. 

M. Biot, too, gave a rule for the directions of tlie 
planes of polarization of the two rays produced by 
double refraction in biaxal crystals, a circumstance 
which has a close bearing upon the phenomena of 
di polarization. His rule was, that the one })lane of 
polarization bisects the dihedral angle formed by the 
two planes which pass through the oi)tic axes, and that 
the other is perpendicular to such a plane. When, 
however, Fresnel had discovered from the theory the 
true laws of double refraction, it apj ►eared* that the 
above rule is inaccui-ate, although in a degree which 
observation could hardly detect without the aid of 
theory.^ 

There were still other classes of optical phenomena 
which attracted notice; especially those which are 
exhibited by plates of quartz cut perpendicular to the 
axis. M. Ar^o had observed, in 1811, that this 
substance produced a twist of the plane of polarization 
to the^right or left hand, the amount of this twist 
being different for colours; a result which 

was afterwards traced to a modification of light diffe- 
rent both from common and from polarized light, and 
subsequently known as circular pdarization. Sir 


* M6m. Inst. 1818, p. i9i, 
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J. Herschel had the good fortune and sagacity to 
discover tliat this peculiar kind of polarization in 
quartz was connected with an equally peculiar modifi- 
cation of crystallization, the plagihedral faces which 
are seen, on some crystals, obliquely disposed, and, as 
it were, following each other round the crystal from 
left to right, or from right to left. Sir J. Herschel 
found that the right-handed or left-handed character 
of the circular polariztitiou coiTespoiided, in all cases, 
to that of the ciystal. 

In 1815, M. Biot, in his researches on the subject 
of circular polarization, was led to the unexpected and 
curious discovery, tliat this property, which seemed 
to require for its very conception a ciystalline struc- 
ture ill the body, belonged nevertheless to several 
fluids, and in different directions for different fluids. 
Oil of turpentine, and an essential oil of laurel, gave 
the plane of polarization a rotation to the left hand ; 
oil of citron, syrup of sugar, and a solution of camphor, 
gave a rotation to the right hand. Soon after, the 
like discovery was made independently by Dr. Seebeck, 
of Berlin, 

It ^v'ill easily be sujiposed that all these brilliant 
phenoniena could not be observed, and the laws of 
many of Uie phenomena discovered, without attempts 
on the part of jdiilosophers to combine them all under 
the dominion of some wide and j)rofound theory. 
Endeavours to ascend from such knowledge as we have 
spoken of, to the general theory of light, were, in 
fact, made at every stage of the subject, and with a 
success which at last won almost all suffrages. We 
are now arrived at the point at whicji we are called 
upon to trace the history of this theory ; to pass from 
the laws of j)henomena to their causes; — from Formal 
to Physical Optics. The ^unduljitory theory of light, 
the <!>nly discovery which can stand by the side of the 
theory of universal gravitation, as a doctrine belonging 
to the same ord^r, for its generality, its fertility, and 
its certainty, may properly be treated of with that 
ceremony which we have hitherto bestowed only on the 
great advances of astronomy; and I shall therefore 
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now proceed to speak of the Prelude to this epoch, the 
Ej)och itself, and its Sequel, according to the form of 
the preceding Book which treats of astronomy. 

[2nd Ed.] [I ought to have stated, in the begin- 
ning of this chapter, that Mai us discovered the depo- 
larization of white light in 18 ii. He found that a 
pencil of light which, being polarized, refused to be 
reflected by a surface proj)erly placed, recovered its 
power of being reflected after being transmitted through 
certain crystals and other transparent bodies. Mains 
intended to pursue this subject, when his researches 
were terminated by his death, Feb. 7,1812. M. Arago, 
about the same time, announced his imi)ortant disco- 
very of the depolarization of colours by crystals. 

I may add, to what is above said of M. Biot’s dis- 
coveries respecting the circular polarizing ])Ower of 
fluids, that he pursued his researches so as to bring 
into view some most curious relations among the 
elements of bodies. It appeared that certain substances, 
as sugar of canes, had a right-handed effect, and certain 
other substances, as gum, a left-handed eflect; and that 
the molecular value of 'this eflect was not altered by 
dilution. It aj)peared also that a -certain element of 
the substance of fruits, which had been supposed to be 
gum, and which is changed into sugar by 4hc opera- 
tion of acids, is not gum, and has a very energetic 
right-handed effect. This substance M. Biot called 
dextrine^ and he has since traced its efibets into many 
highly curious and important results.] 
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CHAPTER X. 

Prelude to the Epoch of Young and Fresnel. 

B y Physical Optics we mean, as lias already been 
stated, the theories which explain optical phe- 
nomena on mechanical principles. No such explana- 
tion could be given till true mechanical principles had 
been obtained; and, accordingly, we must date the 
commencement of the essays towards physical ojitics 
from Descartes, the founder of the modern mechanical 
philosophy. His hypothesis concerning light is, that 
it consists of small particles emitted by the luminous 
body. He compares these particles to balls, and 
endeavours to explain, by means of this comparison, 
the laws of reflection and refraction.^ In order to 
account for tlic production of colours by refraction, he 
ascribes to these balls an alternating rotatory motion. ^ 
This form of the emission theory, was, like most of the 
physical speculations of its author, hasty and gra- 
tuitous; but was extensively accepted, like the rest of 
the Cartesian doctrines, in consequence of the love 
which men have for sweeping and simple dogmas, and 
deductive reasonings from them. In a short time, 
however, the rival optical theory of undulations made 
its appearance. Hooke in his Micro^raphia (1664) 
propounds it, upon occasion of his observations, already 
noticed, (chap, viii.,) on the colours of thin plates. He 
there asserts^ light to consist in a i quick, short, vibrat- 
ing motion,’ and that it is propagated in a homogeneous 
ynedium, in such a way* that ‘ every pulse or vibration 
x)f the luminous -body will generate a sphere, which 

1 Diopt. c. ii. 4 . ** Meteor, c. viii. 5. 
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will continually increase and grow bigger, just after 
the same manner (though indefinitely swifter) as the 
waves or rings on the surface of water do swell into 
bigger and bigger circles about a point in it.’^ He 
applies this to the explanation of refraction, by sup- 
posing that the rays in a denser medium move more 
easily, and hence that the pulses become oblique ; a far 
less satisfactory and consistent hyi^othesis than that of 
Huyghens, of which we shall next have to speak. But 
Hooke has the merit of having also combined with his 
theory, though somewhat obscurely, the Principle of 
Interferences, in the application which he makes of it 
to tlie colours of thin plates. Thus^ he supposes the 
light to be reflected at the fii'st surface of such plates ; 
and he adds, ‘ after two refractions and one reflection 
(from the second surface) there is propagated a kind of 
fainter ray,’ which comes behind the other reflected 
pulse j ^ so that hereby (tlie surfaces ab and ef being 
so near together that the eye cannot discriminate 
them from one), this compound or duplicated pulse 
does produce on the retina the sensation of a yellow.’ 
The reason for the production of this particular colour, 
in the case of whicli he here speaks, depends on his 
views concerning the kind of pulses appropriate to 
each colour ; and, for the same reason, when the thick- 
ness is diflerent, he finds that the result wifi be a red 
or a green. This is a very remarkable anticipation of 
the explanation ultimately given of these colours; and 
we may observe, that if Hooke could have measured 
the thickness of his thin plates, he could hardly have 
avoided making considerable progress in the doctrine 
of interferences. 

But the person who is generally, and with justice, 
looked upon as tlie great author of the undulatory 
theory, at the period now under notice, is Huyghens, 
whose Traits de la i/wniiere, containing a dovelopement 
of his theory, was written in 1678, though nol pub- 
lished till 1690, Iji this 'v^ork he maintained, as 
Hooke had done, that light consij^s in undulations, 
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and expands itself spherically, nearly in the same 
manner as sound does ; and he referred to the observa- 
tions of Homer on Jupiter’s satellites, both to prove that 
this difference takes place successively, and to show its 
exceeding swiftness. In order to trace the effect of an 
undulation, Huyghens considers that every point of a 
wave diffuses its motion in all directions ; and hence 
he draws the conclusion, so long looked upon as the 
turning-point of the combat between the rival theories, 
that the light will not be diffused beyond the recti- 
linear space, when it passes through an aperture ; 
‘ for,’ says he,® ^ although the partial waves, produced 
by the particles comprized in the aperture, do diffuse 
themselves beyond the rectilinear space, these waves 
do not 6W(tcv/r any where except in front of the aperture.’ 
He rightly considers this observation as of the most 
essential value. ‘ This,’ he says, ‘ was not known by 
those who began to consider the weaves of light, among 
whom are Mr. Hooke in his Microijraphy^ and Father 
Pardics ; who, in a treatise of which lie showed me a 
part, and which he did not live to finish, had under- 
taken to prove, by these waves, the effects of reflection 
and refraction. But the principal foundation, which 
consists in the remark I have just made, was wanting 
in his demonstratifuis.’ 

By the help of this view, Iluyghcns gave a perfectly 
satisfactory and correct explanation of the laws of re- 
flection and refraction; and he also applied the same 
theory, as we have seen, to the double refraction of 
Iceland spar with great sagacity and success. He 
conceived that In this crystal, besides the sj)herical 
waves, there might be others of a sj)heroidal form, the 
axis of the spheroid being symmetrically* disposed with 
regard to the faces of the rhombohedron, for to these 
faces the optical j)hcnomena are symmetrically related. 
He founds that the position of the‘refracted ray, deter- 
mined by such spheroidal undulations, would give an 
oblique refraction, which would coincide in its laws 
with the refractioil observed in Iceland spar ; and, as 
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we have stated, this coincidence was long after fully 
confirjned by otlier observers. 

Since Huyghens, at this early period, expounded the 
undulatory theory with so much distinctness, and 
applied it with so much skill, it may be asked why we 
do not liold him up as the great Author of the induc- 
tion of undulations of light;— the j)erson who marks 
the epoch of the theory] To this we reply, that 
though Huyghens. discovered strong presumptions in 
favour of the undulatory theory, it was not established 
till a later era, when the fringes of shadows, rightly 
understood, made the waves visible, and when the 
hypothesis which had been assumed to account for 
double refraction, was found to contain also an expla- 
nation of polarization. It is then that this theory of 
light assumes its commanding form ; and the persons 
who gave it this form, we must make the great names 
of our narrative ; without, however, denying the genius 
and merit of Huyghens, who is, undoubtedly, the 
leading character in the prelude to the discovery. 

The undulatory theory, from this time to our own, 
was unfortunate in its career. It was by no means 
destitute of defenders, but these were not experi- 
nicnters ; and none of them thought of applying it to 
Grimaldi’s experiments on fringes, of wh.k;h we have 
spoken a little while ago. And the great authority of 
the period, Newton, adopted the oj^posite hypothesis, 
that of emission, and gave it a currency among his 
followej’s which kept down the sounder theory for 
above a century. 

Newton’s first disposition appears to have been by 
no means averse to the assumption of an ether as 
the vehicle of luminiferous undulations. When Hooke 
brought against his prismatic analysis of light some 
objections, founded on his own hypothetical notions, 
Newton, in his re*ply, said,® ‘ The hypothesii has a 
much greater affinity with Ijis own hypothesis than 
he seems to be aware of ; the vibrations of the ethm* 
being as useful and necessary in this as in his.’ This 
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was in 1672; and we might produce, from Newton’s 
writings, passages of the same kind, of a much later 
date. Indeed it would seem that, to the last, Newton 
considered the assumption of an etlicr as highly 
probable, and its vibrations as important parts of tlie 
phenomena of light; but he also introduced into his 
system the hypothesis of emission, and having followed 
this hypothesis into mathematical detail, while he has 
left all that concerns the ether in the form of queries 
and conjectures, the emission theory has naturally been 
treated as the leading part of his optical doctrines. 

The principal propositions of the Frhicijna which 
bear u])()n the question of oj3tical theory are those of 
the fourteenth Section of the first Book,**^ in which the 
law of the sines in refraction is proved on the hy])o- 
thcsis that the particles of bodies act on light only at 
very small distances ; and the pro})osition of the eighth 
Section of the second Book in which it is pretended 
to be demonstrated that the motion propagated in a 
fluid must diverge when it has passed through an 
aperture. The former proposition shows that the law 
of refraction, an optical truth which mainly affected 
the choice of a theory, (for about reflection there is no 
difficulty on any meclianical hypothesis,) follows from 
the theory of omission : the latter proposition was 
intended to prove the inadmissibility of the rival 
hypothesis, that of undulations. As to the former 
point, — the hyy)otlietical explanation of refraction, on 
the assumptions there made, — the conclusion is quite 
satisfactory: but the reasoning in the latter case, 
(respecting the propagation of undulations,) is cer- 
tainly inconclusive and vague; and son|,ething better 
might the more reasonably have been expected, since 
Huyghens had at least endeavoured to prove the 
opposite proposition. But supposing we leave these 
proj)ert'ies, the rectilinear course, the reflection, and 
the refraction of light, as problems in which neither 
theory has a dcci^led advantage, what is the next 
material point*? The colours of thin plates. Now, 


9 Principia, Prop. 94, et scg. 
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how does Newton’s theory explain these 1 By a 
new and special supposition ; — that of Jits of easy trans- 
mission and reflection : a supposition which, though it 
truly expresses these facts, is not borne out by any other 
phenomena. But, passing over this, when we come to 
the peculiar laws of polarization in Iceland spar, how 
does Newton’s meet these? Again by a special and 
new supY)Osition ; — that the rays of light have sides. 
Thus we find no fresh evidence in favour of the 
emission hyj>othesis springing out of the fresh demands 
made upon it. It may be urged, in reply, that the 
same is true of the undulatory theory ; and it must be 
allowed that, at the time of which we now speak, its 
superiority in tliis resj)ect was not manifested ; though 
Hooke, as we have seen, had caught a glimpse of the 
explanation, which this theory supY)lies, of the colours 
of thin jdates. 

At a later period, Newton certainly seems to have 
been strongly disinclined to believe light to consist in 
undulations merely. ‘ Are not,’ he says, in Question 
twenty-eight of the Opticks, ‘ all hypotheses erroneous, 
in which light is supposed to consist in pression or 
motion j)ropagated through a fluid medium?’ The 
arguments which most weighed with him to produce 
this conviction, a})poar to have been the pne already 
mentioned, — that, on the undulatory hyj)othesis, undu- 
lations passing through an aperture would be diffused ; 
and again, — his conviction, that the properties of light, 
developed in various optical phenomena, ‘depend not 
upon new modifications, but UY)on the original and 
unchangeable ju'operties of the rays.’ (Question twenty- 
seven). 

But yet, e’sfen in this state of his views, he was very 
far from abandoning the machinery of vibrations alto- 
gether. He is disposed to use such machinery to 
j)roduce his ‘fits of easy transmission.’ In his, seven- 
teenth Query, he says,^l ‘when a ray of light falls upon 
the surface of any pellucid boJy, and is there refracted 
or reflected ; may not waves of vibrations or tremors 


“ Of^icks, p. 32Z. 



HISTORY OP OPTICS. 


318 

be thereby excited in the refracting or reflecting 

medium at the point of incidence? and do not 

these vibrations overtake the rays of light, and by 
overtaking them successively, do they not put them 
into the fits of easy reflection and easy transmission 
described above?’ Several of the other queries im})ly 
the same persuasion, of the necessity for the assump- 
tion of ail ether and its vibrations. And it might 
have been avsked, whether any good reason could bo 
given for the hypothesis of an ether as a of the 
mechanism of light, which would not bo equally valid 
in favour of tliis being the whole of the mechanism, 
especially if it could be shown that nothing more was 
wanted to produce the results. 

The emission theory was, however, embraced in the 
most strenuous manner by the disciples of Newton. 
That propositions existed in the Frmcipia which pro- 
ceeded on this hypothesis, was, with many of these 
persons, ground enough for adopting the doctrine; and 
it had also the advantage of being more ready of con- 
ception, for though the propagation of a wave is not 
very diflicult to conceive, at least by a mathematician, 
the motion of a particle is still easier. 

On the other hand, the undulation theory was main- 
tained by po less a person than Euler ; and the war 
between the two ojjinions was carried on with great 
earnestness. The arguments on one side and on the 
other soon became trite and familiar, for no person 
explained any new class of facts by either theory. 
Thus it was urged by Euler against the system of 
emission,^ ^ — that the perpetual emanation of light from 
the sun must have diminished his mass; — that the 
stream of matter thus constantly flowin'g must affect 
the motions of the planets and comets ; that the rays 
must disturb each other; — that the passage of light 
througji transparent bodies is, on' this system, incon- 
ceivable : all such arguments were answered by repre- 
sentations of the exceeding minuteness and velocity of 
the matter of light. On the other hand, there was 
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urged against the theory of waves, the favourite 
Newtonian argument, that on tliis theory the light 
passing through an aperture ought to be diffused, as 
sound is. It is curious that Euler does not make to 
this argument the reply which Huyghens had made 
before. The fact really was, that he was not aware of 
the true ground of the difference of the result in the 
cases of sound and light; namely, that any ordinary 
aperture bears an immense ratio to the length of an 
undulation of light, but does not bear a very great 
ratio to the length of an undulation of sound. The 
demonstrable consequence of this difference is, that 
light darts through such an orifice in straight rays, 
while sound is diffused in all directions. Euler, not 
perceiving this difference, rested his answer mainly 
upon a circumstance by no means unimportant, that 
the partitions usually employed are not impermeable 
to sound, as opake bodies are to liglit. He observes 
that the sound does not all come through the aperture; 
for wo hear, tliough the aperture be stopped. These 
were the main original points of attack and defence, 
and they continued nearly the same for the whole of 
the last century; the same difficulties were over and 
over again proposed, and the same solutions given, 
much in the manner of the disputations of 4he school- 
men of the middle ages. 

The struggle being thus apparently balanced, the 
scale was naturally turned by the general ascendancy 
of the Newtonian doctrines ; and the emission theory 
was the one most generally adopted. It was still more 
firmly established, in consequence of the turn gene- 
rally taken by the scientific activity of the latter half 
of the eighteenth century; for while nothing was 
added to our 'knowledge of optical laws, the chemical 
effects of light wore studied to a considerable extent by 
various inquirers and the opinions at which these 
persons arrived, they found tfiat they could express 


As Scheele, Sellc, Lavoisier, De Luc, Richter, Leonhardi, Grtn, 
Girtaniier, Link, Hagen, Yoigt, De la Metherie, Scherer, Dize', Brug- 
natelli. See Fischer, vii. p. zo. 
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most readily, in consistency with the reigning chemi- 
cal views, by assuming the materiality of light. It is, 
however, clear, that no reasonings of the inevitably 
vague and doubtful character which belong to these 
portions of chemistry, ought to be allowed to interfere 
with the steady and regular progress of induction 
and generalization, founded on relations of space and 
number, by which procedure the mechanical sciences 
are formed. We reject, therefore, all these chemical 
speculations, as belonging to other subjects; and con- 
sider the history of optical theory as a blank, till we 
arrive at some very different events, of which we have 
now to speak. 
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CHAPTER XI. 

Epoch of Young and Fresnel. 


Sect I. — Introduction, 

T he man whose name must occupy the most distin- 
guished place in the history of Physical Optics, in 
consequence of what he did in reviving and establish- 
ing the. undulatory theory of light, is Dr. Thomas 
Young. He was born in 1773, at Milverton in Somer- 
setshire, of Quaker parents; and after distinguishing 
himself during youth by the variety and accuracy of 
his attainments, he settled in London as a physician in 
1801 ; but continued to give much of his attention to 
general science. His optical theory, for a long time, 
made few proselytes; and several years afterwards, 
Auguste Fresnel, an eminent French mathematician 
and engineer officer, took up similar views, proved 
their truth, and traced their consequences, by a series 
of labours almost independent of those of Dr. Young. 
It was not till the theory was thus re-echoed from 
another land, that it was able to take any strong hold 
on the attention of the countrymen of its earlier pro- 
mulgator. 

The theory of undulations, like that of universal 
gravitation, may be divided into several successive 
steps of generalization. In both cases, all these steps 
were made by the same persons; but there is this dif- 
ference ; — all the parts of the law of universal gnivita- 
tion were worked out in one burst of inspiration by 
its author, and published at one time; — in the dootidne 
of light, on the other hand, the different steps of the 
advance were made and published at separate times, 
with intervals between. We see the theory in a 
narrower form, and in detached portions, before the 
widest generalizations and principles of unity are 
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reached ; we see the authors struggling with the diffi- 
culties before we see them successful. They appear to 
us as men like ourselves, liable to perplexity and 
failure, instead of coming before us, as Newton does in 
the history of Physical Astronomy, as the irresistible 
and almost supernatural hero of a philosophical 
romance. 

The main subdivisions of the great advance in 
physical optics, of which we have now to give an 
account, are the following : — 

1. The explanation of the periodical colours of thin 
plates, thick plates, fringed shadows, striated surfaces, 
and other phenomena of the same kind, by means of 
the doctrine of the interference of undulations. 

2. The explanation of the phenomena of double 
refraction by the propagation of undulations in a 
medium of which the optical elasticity is different in 
different directions. 

3. The conception of polarization as the result of 
the vibrations being transverse; and the consequent 
explanation of the production of polarization, and the 
necessary connexion between polarization and double 
refraction, on mechanical principles. 

4. The explanation of the phenomena of dipolariza- 
tion, by ftiearis of the interference ,of the resolved pa/rts 
of the vibrations after double refraction. 

The history of each of these discoveries will be 
given separately to a certain extent ; by which means 
the force of proof arising from their combination will 
be more apparent. 

SecL 2. — Explanation of tlie Periodical fJolowrs of Thin 
Plates and Shadows by the Undulatory Theory, 

The explanation of periodical colours by the principle 
of interference of vibrations, was the first step which 
Young made in his. confirmation of the undulatory 
theory. In a ^ paper on Sound and Light, dated 
Emmanuel College, Cambridge, 8th July, 1799, 
read before the Koyal Society in January following, he 
appears to incline strongly |o the Huyghenian theory ; 
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not liowever offering any new facts or calculations in 
its favour, but pointing out the great difficulties of the 
Newtonian hypothesis. But in a paper read before 
the Koyal Society, November 12, 1801, he says, ‘A 
further consideration of the colours of thin 'plates has 
converted that prepossession which I before enter- 
tained for the undulatory theory of light, into a very 
strong conviction of its truth and efficiency; a con- 
viction which has since been most strikingly confirmed 
by an analysis of the colours of striated surfaces' He 
here states the general principle of interferences in 
the form of a proposition. (Prop, viii.) * When two 
undulations from different origins coincide either per- 
fectly or very nearly in direction, their joint effect 
is a combination of the motions belonging to them.’ 
He explains, by the help of this proposition, the 
col GUI’S which were observed in Coventry’s micro- 
meters, in which instrument lines were drawn on 
glass at a distance of 1-5 00th of an inch. The inter- 
ference of the undulations of the rays reflected from 
the two sides of these fine lines, produced periodical 
colours. In the same manner, he accounts for the 
colours of thin plates, by the interference of the light 
partially refiected from the two surfaces of the plates. 
We have already seen that Hooke had Icmg before 
suggested the same explanation; and Young says at 
the end of his paper, ‘ It was not till I had satisfied 
myself respecting all these phenomena, that 1 found in 
Hooke’s Micrographia a passage which might have led 
me earlier to a similar opinion.’ He also quotes from 
Newton many passages which assume the existence 
of an ether; of which, as we have already seen, 
Newton suggests the necessity in these •very pheno- 
mena, though he would apply it in combination with 
the emission of material light. In July, 1802, Young 
explained, on the same principle, some facts in indis- 
tinct vision, and other similar rfippearances. . And in 
1803,^ he speaks more positively stijl. ‘In making,* 
he says, ‘ some experiments on the fringes of colours 
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accompanying shadows, I have found so simple and sc^ 
demonstrative a proof of the genei*al law of interference 
of two portions of light, which I have already endea- 
voured to establish, that I think it right to lay before 
the Royal Society a short statement of the facts which 
appear to me to be thus decisive/ The two papers 
just mentioned certainly ought to have convinced all 
scientific men of the truth of the doctrine thus urged ; 
for the number and exactness of the explanations is 
very remarkable. They include the coloured fringes 
which are seen with the shadows of fibres; the 
colours produced by a dew between two pieces of 
glass, which, according to the theory, should appear 
when the thickness of the plate is six times that 
of thin plates, and which do so ; the changes result- 
ing from the employment of other fluids than water; 
the efiect of inclining the plates; also the fringes 
and bands which accompany shadows, the phenomena 
observed by Grimaldi, Newton, Maraldi, and others, 
and hitherto never at all reduced to rule. Young 
observes, very justly, ‘whatever may be thought of 
the theory, we have got a simple and general law’ of 
the phenomena. He moreover calculated the length 
of an undulation from the measurements of fringes of 
shadows, as he had done before §:om the colours of 
thin plates ; and found a very close accordance of the 
results of the various cases with one another. 

There is one difiiculty, and one inaccuracy, in Young’s 
views at this period, which it may be proper to note. 
The difiiculty was, that he found it necessary to 
suppose that light, when reflected at a rarer medium, 

^ is retarded by half an undulation. This assumption, 
though oft’ed urged at a later period as an argument 
against the theory, was fully justified as the mechanical 
principles of the subject were ^ unfolded ; and the 
necessity of it was clear to Young from the first. On 
the strength of this, says he, ‘ I ventured to predict, 
that if the reflections were of the same kind, made at 
the surfaces of a thin plate, of a density intermediate 
between the densities of the mediums surrounding 
it, the central spot would be white ; and I have now 
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Jihe pleasure of stating, that I have fully verified this 
prediction by interposing a drop of oil of sassafras 
between a prism of flint-glass and a lens of crown- 
glass.’ 

The inaccuracy of his calculations consisted in his 
considering the external fringe of shadows to be pro- 
duced by the interference of a ray reflected from the 
edge of the object, with a ray which passes clear of it ; 
instead of supposing all the parts of the wave of light 
to corroborate or interfere with one another. The 
mathematical treatment of the question on the latter 
hypothesis was by no means easy. Young was a 
mathematician of considerable power in the solution 
of the problems which came before him : though his 
methods possessed none of the analytical elegance 
which, in his time, had become general in France. 
But it does not appear that he ever solved the problem 
of undulations as applied to fringes, with its true con- 
ditions. He did, however, rectify his conceptions of 
the nature of the interference; and we may add, that 
the numerical errour of the consequences of the defective 
hypothesis is not such as to prevent their confirming 
the undulatory theory.^ 

But though this theory was thus so powerfully 
recommended by experiment and calculation, it met 
with little favour in the scientific world. Perhaps this 
will be in some measure accounted for, when we come, 
in the next chapter, to speak of the mode of its recep- 
tion by the supposed judges of science and letters. Its 
author went on labouring at the completion and appli- 
cation of the theory in other parts of the subject; but 
his extraordinary success in unravelling the complex 
phenomena of i^hich. we have been speaking, appears 
to have excited none of the notice and admiration 

* I may mention, in addit^n to tion of the supernumerary bands of 
the applications which Young the rainbow. These explanations 
made of the principle of inter- involve calculations founded on 
ferences, his Eriomeier^ an instru- the length oi an undulation of 
ment invented for the purpose of light, and were confirmed by ex- 
measuring the thickness of the periment, as far as experiment 
fibres of wood; and the explana- went. 
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which properly belonged to it, till Fresnel’s Memoir. 
On Diffraction was delivered to the Institute, in 
October, 1815. 

MM. Arago and Poinsot were commissioned to make 
a report upon this Memoir ; and the former of these 
philosophers threw himself upon the subject with a 
zeal and intelligence which peculiarly belonged to him. 
He verified the laws announced by Fresnel : ‘ laws,’ he 
says, ‘ which appear to me destined to make an epoch 
in science.’ He then cast a rapid glance at the history 
of the subject, and recognized, at once, the place which 
Young occupied in it. Grimaldi, Newton, Maraldi, he 
states, had observed the facts, and tried in vain to 
reduce them to rule or cause. ‘ Such^ was the state of 
our knowledge on this difiiculfc question, when Dr. 
Thomas Young made the very remarkable experiment 
which is described in the Philosophical Transactions 
for 1803;’ namely, that to obliterate all the bands 
within the shadow, we need only stop the ray which 
is going to graze, or has grazed, one border of the 
object. To this, Arago added the important observa- 
tion, that the same obliteration takes place, if we stop 
the rays with a transparent plate; except the plate be 
very thin, in which case the bands are displaced, and 
not extinguished. ‘Fresnel,’ says he, ‘guessed the 
effect which a thin plate would produce, when I had 
told him of the effect of a thick glass.’ Fresnel 
himself declares'^ that he was not, at the time, aware 
of Young’s previous labours. After stating nearly the 
same ifeasonings concerning fringes which Young had 
put forward in 1801, he adds, ‘it is therefore the 
meeting, the actual crossing of the i*ays. which produces 
the fringes. This consequence, which is only, so to 
speak, the translation of the phenomenon, seems to me 
entirely opposed to the hypothesis of emission, and 
confirms the system which makes light consist in the 
vibrations of a peculis,r fluid.’ And thus the Principle 
of Interferenceg, and the theory of undulations, so far 
as that principle depends upon the theory, was a second 


3 Ann. Chim. i8i5i Febr. 
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time established by Fresnel in France, fourteen years 
after it had been discovered, fully proved, and repeatedly 
published by Young in England. 

In this Memoir of Fresnel’s, he takes very nearly 
the same course as Young had done; considering the 
interference of the direct light with that reflected at 
the edge, as the cause of the external fringes ; and he 
observes, that in this reflection it is necessary to 
suppose half an undulation lost : but a few years later, 
he considered the propagation of undulations in a more 
true and general manner, and obtained the solution of 
this difficulty of the half -undulation. His more 
complete Memoir on Diffraction was delivered to the 
Institute of France, July 29, 1818; and had the prize 
awarded it in 1819 but by the delays which at that 
period occurred in tlie publication of the Parisian 
Academical Transactions, it was not published® till 
1826, when the theory was no longer generally doubtful 
or unknown in the scientific world. In this Memoir, 
Fresnel observes, that we must consider the effect of 
every portion of a wave of light upon a distant point, 
and must, on this principle, find the illumination 
produced by any number of such waves together. 
Hence, in general, the process of integration is requisite; 
and though the integrals which here offer themselves 
are of a new and difficult kind, he succeeded in making 
the calculation for the cases in which he experimented. 
His Table of the Correspondences of Theory and Observa- 
tion,'^ is very remarkable for the closeness of the 
agreement ; the errours being generally less t^an one 
hundredth of the whole, in the distances of the black 
bands. He justly adds, ‘ A more striking agreement 
could not be expected between experiment and theory. 
If we compare the smallness of the differences with the 
extent of the breadths measured; and if we remark 
the great variations which a and b (the distance of the 
object from the luminous point and from the screen) 
have received in the different •observations, we shall 


5 Ann, Chim, May, 18 1 9. * Mem, Inst, for 1821-4. 
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find it difficult not to regard the integral which has led 
us to these results as the faithful expression of the law 
of the phenomena.’ 

A mathematical theory, applied, with this success, 
to a variety of cases of very different kinds, could 
not now fail to take strong hold of the attention of 
mathematicians; and accordingly, from this time, the 
undulatory doctrine of diftraction has been generally 
assented to, and the mathematical difficulties which it 
involves, have been duly studied and struggled with. 

Among the remarkable applications of the undu- 
latory doctrine to diflraction, we may notice those 
of Joseph Fraunhofer, a mathematical optician of 
Munich. He made a great number of experiments on 
the shadows produced by small holes, and groups of 
small holes, very near each other. These were pub- 
lished® in his New Modi ficatiom of Lights in 1823. 
The greater part of this Memoir is employed in tracing 
the laws of phenomena of the extremely complex and 
splendid appearances which he obtained; but at the 
conclusion he observes, ‘ It is remarkable that the laws 
of the reciprocal influence and of the diffraction of the 
rays, can be deduced from the principles of the undu- 
latory theory: knowing the conditions, we may, by 
means of an extremely simple equation, determine the 
extent of® a luminous wave for each of the different 
colours ; and in every case, the calculation corresponds 
with observation.’ This mention of ‘an extremely 
simple equation,’ appears to imply that he employed 
only Young’s and Fresnel’s earlier mode of calculating 
interferences, by considering two }>ortions of light, and 
not the method of integration. Both from the late 
period at which they were published, « and from the 
absence of mathematical details, Fraunhofer’s labours 
had not any strong influence on the establishment of 
the undulatory theory; although they are excellent 
verifidations of it, both from the goodness of the 

^ In Schumacher’s Astronomische AbJuindlungenj in French ; earlier 
in German. 
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observations, and the complexity and beauty of the 
phenomena. 

We have now to consider the progress of the undu- 
latoiy theory in another of its departments, according 
to the division already stated. 

Sect 3. — Explanation of Double Refraction by the 
Undulatory Theory, 

We have traced the history of the undulatory theory 
applied to diffraction, into the period when Young 
came to have Fresnel for his fellow-labourer. But in 
the mean time. Young had considered the theory in its 
reference to other j)henomena, and especially to those 
of double refraction. 

In this case, indeed, Huyghens’s explanation of the 
facts of Iceland s})ar, by means of spheroidal undula- 
tions, was so complete, and had been so fully confirmed 
by the measurements of Haiiy and Wollaston, that 
little remained to be done, except to connect the 
Huyghenian hypothesis with the mechanical views 
belonging to the theoiy, and to extend his law to 
other cases. The former part of this task Young 
executed, by remarking that we may conceive the 
elasticity of the crystal, on which the velocity of pro- 
pagation of the luminiferous undulation depends, to be 
difierent, in the direction of the crystallographic axis, 
and in the direction of the planes at right angles to 
this axis ; atid from such a difference, he deduces the 
existence of spheroidal undulations. This siiggestion 
apj>eared in the Quarterly Review for November, 1809, 
in a critique upon an attempt of Laplace to account 
for the same# phenomenon. Laplace had proposed to 
reduce the double refraction of such crystals as Iceland 
spar, to his favourite machinery of forces which are 
sensible at small distances only. The peculiar forces 
which produce the effect in this case, he conceives to 
emanate from the crystallographic axis; so that the 
velocity of light within the crystal will depend only on 
the situation of the ray with respect to this axis. But 
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the establishment of this condition is, as Young 
observes, the main difficulty of the problem. How 
are we to conceive refracting forces, independent of 
the surface of the refracting medium, and regulated 
only by a certain internal line ? Moreover, the law of 
force which Laplace was obliged to assume, namely, 
that it varied as the square of the sine of the angle 
which the ray made with the axis, coidd hardly be 
reconciled with mechanical principles. In the critique 
just mentioned. Young appears to feel that the undu- 
latory theory, and perhaps he himself, had not received 
justice at the hands of men of science; he complains 
that a person so eminent in the world of science as 
Laplace then was, should employ his influence in pro- 
pagating errour, and should disregard the extraordinary 
confirmations which the Huyglicnian theory had re- 
cently received. 

The extension of this view, of the different elasticity 
of crystals in different directions, to other than uniaxal 
crystals, was a more complex and difficult problem. 
The general notion was perha])s obvious, after what 
Young had done; but its application and verification 
involved mathematical calculations of great generality, 
and required also very exact experiments. In fact, 
this application was not made till Fresnel, a pupil of 
the Polytechnic School, brought the resources of the 
modern analysis to bear upon the problem ; — till the 
phenomena of dipolarized light presented the proper- 
ties of biaxal crystals in a vast variety of forms; — 
and till the theory received its grand impulse by the 
combination of the exjdanation of polarization with 
the explanation of double refraction. To the history 
of this last-mentioned great step we now proceed. 

Sect 4 . — Explanation of Polarization hy the 
Undulatory Theory. 

Even while the only phenomena of polarization which 
were known were ihose which affect the two images 
in Iceland spar, the difficulty which these facts seemed 
at first to throw in the way of the undulatory theory 
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was felt and acknowledged by Young. Malus’s dis- 
covery of polarization by reflection increased the dif- 
ficulty, and fhis Young did not attempt to conceal. 
In his review of the papers containing this discovery‘s 
he says, * The discovery related in these papers appears 
to us to be by far the most important and interesting 
which lias been made in France concerning the pro- 
perties of light, at least since the time of Huyghens; 
and it is so much tlie more deserving of notice, as it 
greatly influences the general balance of evidence in 
the comparison of the undulatory and projectile theo- 
ries of the nature of light.’ He then proceeds to 
point out the main features in this comparison, claim- 
ing justly a great adv^antage for the theory of undula- 
tions on the two points we have been considering, the 
phenomena of diffraction and of double refraction. 
And he adds, with reference to the embarrassment 
i|it reduced by polarization, that we are not to exj^ect 
the course of scientific disco vciy to run smooth and 
uninterrupted; but that we are to lay our account 
with partial obscurity and seeming contradiction, 
which we may hope that time and enlarged research 
will dissipate. And thus he steadfastly held, with no 
blind prejudice, but with unshaken confidence, his 
great philosophical trust, the fortunes of the undulatoiy 
theory. It is here, after the difficulties of polarization 
had come into view, and before their solution had been 
discovered, that we may jilace the darkest time of 
the history of the theory ; and at this period Young 
was alone in the field. 

It does not appear that the light dawned upon him 
for some years. In the mean time, Young found that 
his theory v^uld explain dipolarized colours ; and he 
had the satisfaction to see Fresnel re-discover, and 
M. Arago adopt, his views on diffraction. He became 
engaged in friendly intercourse with the latter philo- 
sopher, who visited him in England in 1816. On 
January the 12th, 1817, in writing to this gentleman, 
among other remarks on the subject of optics, he says. 


9 Quart, liev. May, 1810. 
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‘ I have also been reflecting on the possibility of giving 
an imperfect explanation of tlie aflection of light which 
constitutes polarization, without departing from the 
genuine doctrine of undulation.’ He then proceeds to 
suggest the possibility of ‘ a transverse vibration, pro- 
pagated m the direction of the radius, the motions of 
the particles being in a certain constant direction with 
respect to that radius ; and this,’ he adds, ‘ is polariza- 
tion.' From his further explanation of his views, it 
appears that he conceived the motions of the particles 
to be oblique to the direction of the ray, and not 
perpendicular, as the theory was afterwards framed ; 
but still, here was the essential condition for the ex- 
planation of the facts of polarization, — the transverse 
nature of the vibrations. This idea at once made it 
possible to conceive how the rays of .light could have 
sides; for the direction in which the vibration was 
transverse to the ray, might be ^marked by peculiaif 
properties. -And after the idea was once started, it 
was comparatively easy for men like Young and Fresnel 
to pursue and modify it till it assumed its true and 
distinct form. 

We may judge of the difficulty of taking firmly hold 
of the conception of transverse vibrations of the ether, 
as those which constitute light, by observing how long 
the great philosophers of whom we are speaking 
lingered within reach of it, before they ventured to 
grasp it. Fresnel says, in 1821, ‘When M. Arago 
and I had remarked (in 18 1 6) that two rays polarized 
at right angles always give the same quantity of light 
by their union, I thought this might be exj>lained by 
supposing the vibrations to be transverse, and to be at 
right angles when the rays are polarised at right 
angles. But this supposition was so contiary to the 
received ideas on the nature of the vibrations of 
elastic fluids,’ that Fresnel hesitated to adopt it till he 
could reconcile it better to his mechanical notions. 
‘Mr. Young, more bold* in his conjectures, and less 
confiding in the vie^s of geometers, published it before 
me, though perhaps he thought it after me.’ And 
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M. Arago was afterwards wont to relate^^ that when 
he and Fresnel had obtained their joint experimental 
results, of the non-interference of oppositely-polarized 
pencils, and when Fresnel pointed out that transverse 
vibrations were the only possible translation of this 
fact into the undulatory theory, he himself ^protested 
that he had not courage to publish such a conception; 
and accordingly, the second part of the Memoir was 
published in Fresnel’s name alone. What renders this 
more remarkable is, that it occurred when M. Arago 
had in his possession the very letter of Young, in 
which he proposed the same suggestion. 

Young’s first published statement of the doctrine of 
transverse vibrations was given in the explanation of 
the phenomena of dipolarization, of which we shall 
have to speak in the next Section. But the primary 
and immense value of this conception, as a step in the 
progress of the undulatory theory, was the connexion 
which it established between polarization and double 
refraction ; for it held forth a promise of accounting 
for polarization, if any conditions could be found 
which might determine what was the direction of the 
transverse vibrations. The analysis of these conditions 
is, in a great measure, the work of Fresnel ; a task 
performed with profound philosophical sagacity and 
great mathematical skill. 

Since the double refraction of uniaxal crystals could 
1)6 explained by undulations of the form of a spheroid, 
it was perhaps not difficult to conjecture that the 
undulations of biaxal crystals would be accounted for 
by undulations of the form of an ellipsoid, which 
differs from the spheroid in having its three axes 
unequal, instead of two only; and consequently has 
that very relation to the other, in respect of symmetiy, 
which the crystalline and optical phenomena have. 
Or, again, instead of supposing two different degrees 
of elasticity in different directions, we may suppose 
three such different degrees in directions at right 


I take the liberty of stating this from personal knowledge. 
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angles to each other. This kind of generalization was 
tolerably obvious to a practised mathematician. 

But what shall call into play all these elasticities at 
once, and produce waves governed by each of them 1 
And what shall explain the different polarization of 
the rays which these separate waves carry with them 'I 
These were difficult questions, to the solution of which 
mathematical calculation had hitherto been unable to 
offer any aid. 

It was here that the conception of transverse vibra- 
tions came in, like a beam of sunlight, to disclose the 
j)0ssibility of a mechanical connexion of all these facts. 
If transverse vibrations, travelling through a uniform 
medium, come to a medium not uniform, but con- 
stituted so that the elasticity shall be different in 
different directions, in the manner we have described, 
what will be the course and condition of the waves in 
the second medium ? Will the effects of such waves 
agree with the phenomena of doubly-refracted light in 
biaxal crystals i Here was a problem, striking to tlie 
mathematician for its generality and difficulty, and of 
deep interest to the physical philosopher, because the 
fate of a great theory depended upon its solution. 

The solution, obtained by great mathematical skill, 
was laid before the French Institute by Fresnel in 
November, 1821, and was carried further in two 
Memoirs presented in 1822. Its import is very 
curious. The undulations which, coming from a 
distant center, fall upon such a medium as we have 
described, are, it appears from the principles of 
mechanics, propagated in a manner quite different 
from anything which had been anticipated. The 
‘surface of the waves’ (that is, the Surface which 
would bound undulations diverging from a point), is a 
very complex, yet symmetrical curve surffee ; which, 
in the case of uniaxal crystals, resolves itself into a 
sphere and a spheroid ; ^but which, in general, forms a 
continuous double envelope of the central point to 
which it belongs, intersecting itself, and returning into 
itself. The directions of the'^rays are determined by 
this curve surface in biaxal crystals, as in uniaxal 
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crystals they are determined by the sphere and the 
spheroid; and the result is, that in biaxal crystals, 
both rays suffer extraordinary refraction according to 
determinate laws. And the positions of the planes of 
polarization of the two rays follow from the same 
investigation ; the plane of polarization in every case 
being supposed to be that which is perpendicular to 
the transverse vibrations. Now it appeared that the 
polarization of the two rays, as determined by Fresnel’s 
theory, would be in directions, not indeed exactly 
accordant with the law deduced by M. Biot from 
experiment, but deviating so little from those direc- 
tions, that there could be small doubt that the empi- 
rical formula was wrong, and the theoretical one 
right. 

The theory was further confirmed by an experiment 
showing that, in a biaxal crystal (topaz), neither of 
the rays was refracted according to the ordinary law, 
though it had hitherto been supposed that one of 
them was so; — a natural inaccuracy, since the errour 
was small. Thus this beautiful theory corrected, 
while it explained, the best of the observations which 
had previously been made; and offered itself to mathe- 
maticians with an almost irresistible power of convic- 
tion. The explanation of laws so strange and diverse 
as those of double refraction and polarization, by the 
same general and symmetrical theory, could not result 
from anything but the truth of the theory. 

‘ Long,’ says Fresnel,^^ ‘ before I had conceived this 
theory, I had convinced myself, by a jmre contempla- 
tion of the facts, that it was not possible to discover 
the true explanation of double refraction, without 
explaining, at the same time, the phenomena 6f polari- 
zation, which always goes along with it ; and accord- 
ingly, it was after having found what mode of vibration 
constituted polarization, that I caught sight »of the 
mechanical causes of double refraction.’ 

Having thus got possession of the principle of the 


An. Ch. xxviii. p. 264, 

Stir la Dovhle Jtef., Mht. Inst. iSaff, p. 174* 
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mechanism of polarization, Fresnel proceeded to apply 
it to the other cases of polarized light, with a rapidity 
and sagacity which reminds us of the spirit in which 
ISTewton traced out the consequences of the principle 
of universal gravitation. In the execution of his 
task, indeed, Fresnel was forced upon several preca- 
rious assumptions, which make, even yet, a wide 
difference between the theory of gravitation and that 
of light. But the mode in which these were con- 
firmed by experiment, compels us to admire the 
happy apparent boldness of the calculator. 

Tlie subject of polarizatio'n hy reflection was one of 
those which seemed most untractable ; but, by means 
of various artifices and conjectures, it was broken up 
and subdued. Fresnel began with the simplest casfi, 
the reflection of light polarized in the plane of reflec- 
tion ; which he solved by means of the laws of collision 
of elastic bodies. He then took the reflection of light 
polarized perpendicularly to this plane; and here, 
adding to the general mechanical principles a hypo- 
thetical assumption, that the communication of the 
resolved motion parallel to the refracting surface, 
takes place according to the laws of elastic bodies, he 
obtains his formula. These results were capable of 
comparison with experi^ient; and the comparison, 
when made by M. Arago, confirmed the formulae. 
They accounted, too, for Sir D, Brewster’s law con- 
cerning the polarizing angle (see Chap, vi.) ; and this 
could not but be looked upon as a striking evidence of 
their having some real foundation. Another artifice 
.which MM. Fresnel and Arago employed, in order to 
trace the effect of reflection upon common light, was 
to use a ray polarized in a plane making half a right 
angle with the plane of reflection ; for the quantities 
of the oppositely polarized light ?n such an incident 
ray ar6 equal, as they are in common light ; but the 
relative quantities of the oppositely polarized light in 

It will be recollected all along, that oppositely polarized rays are 
those which are polarized in two planes perpendicular to each other. 
See above, chap. vi. 
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the reflected ray are indicated by the new plane of 
polarization ; and thus these relative quantities become 
known for the case of common light. The results 
thus obtained were also confirmed by facts; and in 
this manner, all that was doubtful in the process of 
Fresnel’s reasoning, seemed to be authorized by its 
application to real cases. 

These investigations were published in 1821. In 
succeeding years, Fresnel undertook to extend the 
application of his formulae to a case in which they 
ceased to have a meaning, or, in the language of 
mathematicians, became imaginary ; namely, to the 
case of internal reflection at the surface of a transparent 
body. It may seem strange to those who are not 
mathematicians, but it is undoubtedly true, that in 
many cases in wliich the solution of a problem directs 
impossible aritlimetical or algebraical operations to be 
performed, these directions may be so interpreted as 
to point out a true solution of the question. Such an 
interpretation Fresnel attempted in the case of which 
we now speak; and the result at which he arrived 
was, that the reflection of light through a rhomb of 
glass of a certain form (since called FresneVs rAom&), 
would produce a polarization of a kind altogether diife- 
rent from those which his theory had previc^isly Con- 
sidered, namely, that kind which we have spoken of as 
circular polarization. The complete confirmation of 
this curious and unexpected result by trial, is another 
of the*’ Extraordinary triumphs which have distin- 
guished the history of the theory at every step since 
the commencement of Fresnel’s labours. 

But anything further which has been done in this 
way, may be treated of more properly in relating the 
verification of the theory. And we have still to sj)eak 
of the most numerous and varied class of facts to 
which rival theories of light were applied, and of the 
establishment of the undulatoiy doctrine in refe- 
rence to that department; I mean tlij^ phenomena of 


1 '* An. Chim. t. xvii. 
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depolarized, or rather, as 1 have already said, c?ipo- 
larized light. 

Sect. 5. — Explanation of Dipolarization hy tl\fi 
U ndulatory Theory. 

When Arago, in 18 ii, had discovered the colours 
produced hy polarized light passing through C(.Ttain 
crystals, it was natural that atteni])ts should be 
made to reduce them to theory. M. Biot, animated 
by the success of Malus in detecting the laws of double 
refraction, and Young, knowing the resources of his 
own theory, were the first ])ei‘sons to enter upon this 
undertaking. M. Biot’s theory, though in the end 
displaced by its rival, is well wortli notice in the 
history of the subject. It was what he called the 
doctrine of moveable polarization. He conceived that 
when the molecules of light pass through thin crystal- 
line plates, the jdane of polarization undei'gocs an 
oscillation which carries it backwards and forwards 
through a certain angle, namely, twice the angle con- 
tained between the original plane of polarization and 
the principal section of the crystal. The intervals 
which this oscillation occupies are lengths of the ])ath 
of the ray, very minute, and different for different 
colours, like Newton’s fits of easy transmission; on 
which model, indeed, the new theory was evidently 
framed. The colours produced in the j)henomena of 
dipolarization really do dei)erid, in a periodical manner, 
on the length of the j)ath of the light through the 
crystal, and a theory such as M. Biot’s was cajiable of 
being modified, and was modified, so as to include the 
leading features of the facts as then known ; but many 
of its conditions being founded on sj)eoial circumstances 
in the experiments, and not on the real conditions of 
nature, there were in it several- incongruities, as well 

* See chap. ix. 

17 See MM. Aragf and Biot’s Memoirs, Mem. Inst, for ign ; the 
.whole volume for i8i:J is a Memoir of M. Biot’s (published 1814); also 
Mem. Inst, for 1 81 7; M. Biot’s Mem. read in 1818, published in 1819 
aiid for 1818. 
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as tlie general defect of its being an arbitrary and 
unconnected hypothesis. 

Young’s mode of accounting for the brilliant pheno- 
mena of dipolarizatioii aj)jicarcd in the Quarterly 
Juiview for 1814. After noticing the discoveries of 
MM. Arago, Brewster, and Biot, he adds, ‘We have 
no doubt tliat the snrf)rizc of these gentlemen will be 
as great as our own satisfaction in linding that they 
are perfectly reducible, like other causes of recurrent 
colours, to the general laws of the intei ference of light 
which have been established in this country;’ giving a 
refei*ence to his former statements. The results are then 
explained by the interference of the ordinary and extra- 
ordinary ray. But, as M. Arago properly observes, 
in his account of this rnatter,^^ ‘It must, however, be 
added that Dr. Young had not explained either in what 
circumstances the interference of the rays can take 
place, nor why we sec no colours unless the crystallized 
])latcs are exposed to light j)reviously polarized.’ The 
explanation of these circumstances de])ends on the laws 
of interference of polarized light which MM. Arago 
and Fresnel established in 1816. They then proved, 
by direct experiment, that when polarized light was 
treated so as to l)ring into view the most marked 
phenomena of interference, namely, the hands of 
shadows ; pencils of light which have a common origin, 
and which are polarized in the parallel planes, inter- 
fere com])letely, while those which are polarized in 
opposite (that is, perpendicular,) planes do not interfere 
at all.*^ Taking these judnciples into the account, 
Fresnel explained very completely, by means of the 
interference of undulations, all the circumstances of 
colours produced by cryvstallized plates ; showing the 
necessity of the polarizatimi in the first instance; the 
dipoldrizinq effect of^tlie crystal; and the office of 
the analysing plate, by which certain portions of ^ach 
of the two rays in the crystal are made to interfere 
and produce colour. This he did, as hg says,^^ without 


Enc. Brit. Supp. art. Polarisation. 
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being aware, till Arago told him, that Young had, to 
some extent, anticipated him. 

When we look at the history of the emission-theory 
of light, we see exactly what we may consider as the 
natural course of things in the career of a false theory. 
Such a theory may, to a certain extent, explain the 
phenomena which it was at first contrived to meet; but 
every new class of facts requires a new supp()sition, — an, 
addition to the macliinery ; and as observation goes on, 
these incoherent appendages accumulate, till they over- 
whelm and upset the original frame-work. Such was 
the history of the hypothesis of soljd epicycles ; such 
lias been the history of the hypothesis of the material 
emission of light. In its simple form, it exi^laimnl 
reflection and refraction; but the colours of thin 
jdates added to it tlie hypothesis of fits of easy trans- 
mission and reflection; the phenomena of difiraction 
fuither invested the particles with complex hy])o- 
thctical laws of attraction and rejuilsion; i)olarizatiou 
gave them sides; double refraction subjected them to 
peculiar forces emanating from the axes of crystals; 
finally, di polarization loaded tliem with tlie comj)]ex 
and unconnebted contrivance of moveable polarization ; 
and even when all this had been assumed, additional 
mechanism was wanting. There is here no unexpected 
success, no happy coincidence, no convergence of prin- 
ciples from remote quarters; the philosopher builds 
the machine, hut its parts do not fit; tliey hold 
together only while he presses them : this is not the 
character of truth. 

In the undulatory theory, on the other hand, all 
tends to unity and simplicity. We explain reflection 
and refraction hy undulations ; when we come to tliin 
plates, the requisite ‘fits’ are already involved in our 
fundamental hy])othosis, for they are the length of an 
undftlatiou : the idienomrna of difiraction also require 
such intervals; and the intervals thus required agree 
exactly with th^ others in magnitude, so that no "new 
property is needed. Polarization for a moment checks 
us; hut not long; for the direction of our vibrations 
is liHherto arbitrary ; — we allow j)olarizatiou to decide 
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it. Havin.i^ done this for the sake of polarization, we find 
that it also answers an entirely dillerent purpose, that 
of giving the law of double refraction. Truth may 
give rise to such a coincidence; falsehood cannot. But 
tlie phenomena become more numerous, more various, 
more strange : — no matter : the Theory is equal to them 
all. It makes not a single new physical hypothesis ; 
but out of its original stock of principles it educes the 
counterpart of all that observation sliows. It accounts 
for, explains, simplifies, the most entangled cases; cor- 
rects known laws and ficts; predicts and discloses 
unknown ones; becomes the guide of its former 
teacher, Observation; and, enlightened by mechanical 
conceptions, acquires an insight which pierces through 
shape and colour to force and cause. 

We thus reach the j^^^ii-osojdiical moral of this 
history, so- important in reference to our purpose; 
and here we shall close the account of the discovery 
and promulgation of the undulatory theory. Any 
further steps in its development and extension, may 
with j)ropriety be noticed in the ensuing chapters, 
res[)ecting its reception and verification. 

[2nd Ed.] [In the rhiloso2)hy of the Inductive 
Sciences^ B. xi. ch. iii. Sect, ii, I have spoken of the 
Consilience of Inductions as one of the diameters of 
scientific truth. We have several striking instances of 
such consilience in the history of the undulatory 
theory. The phenomena of fringes of shadows and 
coloured bands in crystals jV/mp together in the Theory 
of Vibrations. The phenomena of polarization and 
double refraction jump together in the Theory of Crys- 
talline Vibrations. The phenomena of polarization 
and of the interference of polarized rsijsjump together 
ill the Theory of Transverse Vibrations. 

The proof of what is above said of the undulatory 
theory is contained in the previous history. G?his 
theory has ‘accounted for, exjdained, and simplified 
the most entangled cases ;’ as the cq^es of fringes of 
shadows; shadows of gratings; coloured bands in 
biaxal crystals, and in quartz. There are no optical 
phenomena more entangled than these. It has ^ cor- 
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rected experimental laws,’ as in the case of M. Biot’s 
law of the direction of polarization in biaxal crystals. 
It has done this ‘ without making any new physical 
hypothesis;’ for the transverse direction of vibrations, 
the diflerent optical elasticities of crystals in different 
directions, and (if it be adopted) the hypothesis of 
finite intervals of the particles (see chaj). x. and here- 
after, chap, xiii.), are only limitations of what was^^ 
indefinite in the earlier form of the hypothesis. And 
so far as tJie properties of visible radiant light are con- 
cerned, I do not think it at all too much to say, as M. 
Schwerd has said, that ‘ the undulation theory accounts 
for the phenomena as completely as the theory of gravi- 
tation does for the facts of the solar system.’ 

This we miglit say, even if some facts were not yet 
fully explained ; for there were till very lately, if there 
arc not still, sucli unexplained facts with regard to tlie 
theory of gravitation, presented to us by the solar 
system. With regard to the undulatory theory, these 
exceptions arc, I think, disappearing quite as rapidly 
and as completely as in the case of giMvitation. It is 
to be observed that no presumption against the theory 
can with any show of reason bo collected from the 
cases in which classes of phenomena remain unex- 
plained, »the theory having never been apjdied to them 
by any mathematician capable of tracirig its results 
correctly. The history of the theory of gravitation 
may show us abundantly how necessary it is to bear in 
mind this caution; and tlie results of the undulatory 
theory cannot be traced without great mathematical 
skill and great labour, any more than those of gravi- 
tation. 

This remark applies to such cases as that of the 
transverse fringes of grooved surfaces. The general 
phenomena of these cases are perfectly explained by 
the theory. But there is an interruption in the light 
in an oblique direction, which has not yet been 
explained ; butlpoking at what has been done in other 
cases, it is impossible to doubt that this phenomena 
depends ui)on the results of certain integrations, and 
would be explained if these were rightly performed. 
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The plienomena of crystallized surfaces^ and espe- 
cially their effects upon the plane of polarization, were 
examined by Sir D. Brewster, and laws of the pheno- 
mena made out by him with his usual skill and 
sagacity. For a time these were unexplained by the 
theory. But recently Mr. Mac Cullagh has traced 
the consequences of the theory in this case,^^ and 
obtained a law which represents with much exactness, 
Sir D. Brewster s observation. 

The phenomenon which Sir D. Brewster, in 1837, 
called a 7 iew property of light, (certain appearances of 
the spectrum wlien the pupil of the eye is half covered 
with a thin glass or crystal,) have been explained by 
Mr. Airy in the Phil. Trans, for 1840. 

Mr. Airy’s explanation of the plienomena termed 
by Sir D. Brewster a nev) property of light, is 
completed in the Philosophical Magazme for Novem- 
ber, 1846. It is there shown that a dej)endence of 
the breadth of the bands upon the aperture of the 
jinpil, which had been supposed to result from the 
theory, and whicJi does not appear in the experiment, 
did r(‘ally result from certain limited conditions of the 
hypothesis, which conditions do not belong to the 
experiment; and that when the problem is solved 
without those limitations, the discrepance^of theory 
and observation vanishes : so that, as Mr. Airy says, 

‘ this very remarkable experiment, which long appeared 
inexplicable, seems destined to give one of the strongest 
confirmations to the B ndulatory Theory.’ 

I may remark also that there is no force in the 
objection which has been urged against the admirers 
of the undulatory theory, that by the fulness of their 
assent to it, tiiey discourage further researches which 
may contradict or confirm it. We must, in this point 
of view also, look at the course of the theory of gravi- 
tation and its results. The acceptance of that theory 
did not prevent mathematicians and observers from 
attending to the apparent exceptions, but on the con- 
trary, stimulated them to calculate and to observe with 


2 ^ Prof. Lloyd’s Reportt Brit. Assoc. i834> P* 374* 
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additional zeal, and still does so. The acceleration of 
the Moon, the mutual disturbances of Jupiter and 
Saturn, the motions of Jupiter’s Satellites, the eftect 
of the Earth’s oblateness on the Moon’s motion, the 
motions of the Moon about her own center, and many 
other phenomena, were studied with the greater atten- 
tion, because the general theory was deemed so con- 
vincing: and the same cause makes the remaining 
exceptions objects of intense interest to astronomers 
and mathematicians. The mathematicians and optical 
experimenters who accept the undulatory theory, will 
of course follow out their conviction in the same 
manner. Accordingly, this has been done and is still 
doing, as in Mr. Airy’s mathematical investigation of 
the effect of an annular aperture ; Mr. Earnshaw’s, of 
the effect of a triangular aperture; Mr. Talbot’s 
explanation of the effect of interposing a film of mica 
between a part of the pupil and the pure spectrum, so 
nearly approaching to the phenomena which have 
been spoken of as a new Polarity of Light;' besides 
other labours of eminent mathematicians, elsewhere 
mentioned in these j)ages. 

The phenomena of the absorption of light have no 
especial bearing upon the undulatory theory. There 
is not muph diflGlculty in explaining the possibility oi 
absorption upon the theory. When the light is 
absorbed, it ceases to belong to the theory. 

Eor, as I have said, the theory professes only to 
explain the phenomena of radiant visible light. We 
know very well that light has other bearings and 
properties. It produces chemical effects. The optical 
polarity of crystals is connected with the chemical 
polarity of their constitution. The natural coloura of 
bodies, too, are connected with their chemical con- 
stitution. Light is also connected with heat. The 
undulatory theory does not undertake to explain these 
properties and their connexion. If it did, it would be 
a Theory of Heat anef of Chemical Composition, as 
well as a Theory 6f Light. 

j Dr. Faraday’s recent experiments have shown that 
[the magnetic polarity is directly connected with that 
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' optical polarity by which the plane of polarization is 
affected. When the lines of magnetic force pass 
through certain transparent bodies, they communicate 
to them a certain kind of circular polarizing power ; 
yet different from the circular polarizing power of 
quartz, and certain fluids mentioned chap. ix. 

Perhaps I may be allowed to refer to this discovery 
as a further illustration of the views I have offered in 
the Fhilosopliy of the Inductive Sciences respecting the 
Connexion of Co-existent Polarities. (B..v. Chap, ii.)] 
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CHAPTER XII. 

Sequel to the Epoch of Young and Fhesnel. 
Eeception of the Undulatory Theory. 

W HEN Young, in 1800, puLlished his assertion of 
the Principle of Interferences, as the true theory 
of optical phenomena, the condition of England was 
not very favourable to a fair apfireciation of the value 
of the new ojhnion. The men of science were strongly 
pre-occupied in favour of the doctrine of emission, not 
only from a national interest in Newton’s glory, and 
a natural reverence for his authority, but also from 
deference towards the geometers of France, who were 
looked up to as our masters in the application of 
mathematics to physics, and who were understood to 
be Newtonians in this as in other subjects. A general 
tendency to an atomic philosophy, which had begun to 
appear from the time of Newton, operated powerfully; 
and the liypothesis of emission was so easily conceived, 
that, when recommended by high authority, it easily 
became popular ; while the hypothesis of luminiferous 
undulations, unavoidably difficult to comprehend, even 
by the aid of steady thought, was neglected, and all 
but forgotten. 

Yet the reception which Young’s opinions met with 
was more harsh than we might have expected, even 
taking into account all these considerations. But there 
was in England no visible body of men, fitted by their 
knowledge and character to pronounce judgment on 
such a question, or to give the proper impulse and 
bias to public opinion. The E,o;^al Society, for in- 
stance, had not, for a long time, by custom or insti- 
tution, possessed or aimed at such functions. The 
writers of ‘Reviews’ alone, self-constituted and secret 
tribunals, claimed this kind of authority. Among 
these publications, by far the most distinguished about 
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‘ this period was the Edinburgh Review; and, including 
among its contributors men of eminent science and 
great talents, employing also a robust and poignant 
style of writing (often certainly in a very unfair 
manner), it naturally exercised great influence. On 
abstruse doctrines, intelligible to few persons, more 
than on other subjects, the opijiions and feelings 
expressed in a Review must be those of the individual 
reviewer. The criticism on some of Young’s early 
j)apers on optics was written by Mr. (afterwards Lord) 
Brougham, who, as wc have seen, had experimented 
on diffraction, following the Newtonian view, that of 
inflexion. Mr. Brougham was perhaps at tliis time 
young enough ^ to be somewhat intoxicated with the 
appearance of judicial authority in matters of science, 
which his office of anonymous reviewer gave him; and 
even in middle-life, he was sometimes considered to be 
prone to indulge himself in severe and sarcastic expres- 
sions. In January, 1803, was published- his cxitique 
on Dr. Young’s Bakerian Lecture, On the Theory of 
Light and Colours, in which lecture the docti’ine of 
undulations and the law of interferences was main- 
tained. This critique was an uninterrupted strain of 
blame and rebuke. ‘ This paper,’ the reviewer said, 

* contains nothing which deserves the najne either of 
experiment or discovery.’ He charged the writer with 
‘ dangerous relaxations of the principles of j)hysical 
logic.’ ‘We wish,’ he cried, ‘to recall }>hilosophers to 
the strict and severe methods of investigation,’ de- 
scribing them as those pointed out by Bacon, Newton, 
and the like. Finally, Dr. Young’s speculations were 
spoken of as a hypotliesis, which is a mere work of 
fancy; and*the critic added, ‘we cannot conclude our 
review without enti'eating tlie atteption of the Royal 
Society, which has admitted of late so many hasty and 
unsubstantial papers into its Transactions;^ whjeh habit 
he urged them to reform. The same aversion to the 
ujidulatory theory appears soon after in another article 
by the same reviewer, on the subject of Wollaston’s 


’ llis age was twenty-four. 


* Edin. Review, vol. i. p. 450. 
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measures of the refraction of Iceland spar; he snys, 

‘ We are much disappointed to find that so acute and 
ingenious an exj)erimentalist should have adopted the 
wild optical theory of vibrations.’ The reviewer 
showed ignorance as well as prejudice in the course of 
his remarks; and Young drew up an answer, which 
was ably written, but being published separately had 
little circulation. We can hai'dly doubt that these 
Edinburgh reviews had their effect in confirming the 
general disposition to reject the undulatory theory. 

We may add, however, that Young’s mode of pre- 
senting his opinions was not the most likely to win 
them favour ; for his mathematical reasonings placed 
them out of the reach of popular readers, while the 
want of symmetry and system in his symbolical calcu- 
latiorivS, deprived them of attractiveness for the mathe- 
matician. He himself gave a very just criticism of 
his own style of writing, in sj)caking on another of his 
works; 2 ‘ Tlie mathematical reasoning, for want of 
mathematical symbols, was not understood, even by 
tolerable mathematicians. From a dislike of the affec- 
tation of algebraical formality which he had observed 
in some foreign authors, he was led into something 
like an affectation of simplicity, which was equally 
inconvenient to a scientific reader.’ 

Young appears to have been aware of his own 
deficiency in the power of drawing public favour, or 
even notice, to his discoveries. In 1802, Davy writes 
to a friend, ‘ Have you seen the theory of my colleague, 
Dr. Young, on the undulations of an ethereal medium 
as the cause of light? It is not likely to be a popular 
hypothesis, after what has been said by Newton con- 
cerning it. He would be very much flattered if you 
could offer any observations upon it, whether for or 
against it' Young naturally felt confident in his 
power of refuting objections, and'" wanted only the 
opportunity of a public cqmbat. 

Dr. Brewster, who was, at this period, enriching 
optical knowledge with so vast a train of new phe- 


3 See X%/e of Young, p. 54. 
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nomeDa and laws, sliarcd the general aversion to the 
undulatory theory, which, indeed, he hardly overcame 
thirty years later. Dr. Wollaston was a person whose 
character led him to look long at the laws of phe- 
nomena, before he attempted to determine their causes ; 
and it does not appear that he had decided the claims 
of the rival theories in his own mind. Herschel (I 
now speak of the son) had at first the general mathe- 
matical prejudice in favour of the emission doctrine. 
Even when he had himself studied and extended the 
laws of di[)olarized phenomena, he translated them into 
the language of the theory of moveable polarization. 
In 1819, he refers to, and corrects, this theory; and 
says, it is now ‘relieved from every difficulty, and 
entitled to rank with the fits of easy transmission and 
reflection as a gen(n*al and simple physical law a just 
judgment, but one which now conveys less of praise 
than he then intended. At a later period, he remarked 
that we cannot be certain that if the theory of emission 
had been as much cultivated as that of undulation, it 
might not have been as successful ; an opinion which 
was certainly untenable after the fair trial of the two 
theories in the case of diftraction, and extravagant 
after Fresnel’s beautiful explanation of double refrac- 
tion and polarization. Even in 1827, in ^^Treatise on 
JAght, publisbed in WiQ Encyclopwdia M etrojwlitana, h*e 
gives a section to the calculations of the Newtonian 
theory ; and appears to consider the rivalry of the 
theories as still subsisting. But yet he there speaks 
with a proi)cr aj)})rcciation of the advantages of the 
new doctrine. After tracing the prelude to it, he 
says, ‘ But the unpursued speculations of Newton, and 
the opinions*of Hooke, however distinct, must not be 
])ut in coin]ietition, and, indeed, oi\ght scarcely to be 
mentioned, with the elegant, simple, and comprehensive 
theory of Young, ~a theory which, if not founded in 
nature, is ceitainly one of the happiest fictions that 
the genius of man ever invented to grasp together 
natural phenomena, which, at their first discovery, 
seemed in irreconcileahle opposition to it. It is, in 
fact, in all its applications and details, one succession 
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of felicities; insomuch, that we may almost he induced 
to say, if it be not true, it deserves to be so.’ 

In France, Young’s theory was little noticed or 
known, except perhaps by M. Arago, till it was revived 
by Fresnel. And though Fresnel’s assertion of the 
undulatory theory was not so iiidely received as Young’s 
had been, it met with no small opposition from the 
older mathematicians, and made its way slowly to the 
notice and conii)rehension of men of science. M. Arago 
would perha])s have at once adojjted the conception of 
transverse vibrations, when it was suggested by his 
fellow-labou]-er, Fresnel, if it had not been that he was 
a member of the Institute, and had to bear the brunt 
of the war, in the frequent discussions on the undu- 
latory theory; to wdiich theory Laplace, and other 
leading members, were so vehemently oj)])osed, that 
they would not even listen with toleration to the 
arguments in its favour. I do not know how far 
iiifluences of this kind might operate in producing the 
delays which took jdacc in the publication of Fresnel’s 
papers. We have seen that he arrived at the concep- 
tion of transverse vibrations in 1816, as the true key 
to the understanding of polarization. In 1817 and 
1818, in a memoir read to the Institute, he analysed 
and explained the perplexing phenomena of quartz, 
which he ascribed to a citcular polarization. This 
memoir had not been printed, nor any extract from it 
inserted in the Scientific Journals, in 1822, when he 
confirmed his views by further experiments.'^ His 
remarkable memoir, which solved the extraordinary 
and capital problem of the connexion of double refrac- 
tion and crystallization, though written in 1821, was 
not published till 1827. He appears by>this time to 
have sought other channels of publication. In 1822, 
he gave,^ in the Annales de Chimie et de Physique^ an 
explang-tion of refraction on the principles of the undu- 
latory theory; alleging, as the reason for doing so, that 
the theory was still little known. And in succeeding 


* Hersch. p 539- 

^ Ann. de Chini. 18-22, tom. xxi. p. 235. 
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years there appeared in the same work, his theory of 
reflection. His memoir on this subject {Memoire sur 
la Loi des Modifications que la Reflexion imprlme h la 
Limiiere Polarisee^ was read to the Academy of 
Sciences in 1823. But the original paper was mislaid, 
and, for a time, supposed to be lost; it has since 
been recovered among the papers of M. Fourier, and 
printed in the eleventh volume of the MemoiVs of the 
Academy.® Some of the speculations to which he 
refers, as communicated to the Academy, have never 
yet apf)eared.7 

Still Fresnel’s labours were, from the first, duly 
appreciated by some of the most eminent of his country- 
men. His Memoir on Diffraction was, as we have 
seen, crowned in 1819: and, in 1822, a Report upon 
his Memoir on Double Refraction was drawn up by a 
commission, consisting of MM. Amp5re, Fourier, and 
Arago. In this report^ Fresnel’s theory is spoken of 
as confirmed by the most delicate tests. The reporters 
add, respecting his theoretical ideas on the particular 
kind of undulations which, according to hbn, consti- 
tute light,’ that ‘it would be impossible for them to 
])ronounce at present a decided judgment,’ but that 
‘ they have not thought it right to delay any longer 
making known a work of which the (iifiiculty is 
attested by the fruitless efforts of the most skilful 
philosophers, and in which are exhibited, in the same 
brilliant degree, the talent for experiment and the 
spirit of invention.’ 

In the mean time, however, a controversy between 
the theory of undulations and the theory of moveable 
polarization which M. Biot had proposed with a view 
of accounting for the colours pi*oduced by dipolarizing 
crystals, had occurred among the, French men of 
science. It is clear that in some main features the 
two theories coincide ; the intervals of interference in 
the one theory being represented by the intervals of 
the oscillations in the other. But these intervals in 


® Lloyd. Iteport on Optics^p. 363- (Fourth Rep. of Brit. Ass.) 

' Ib. p. 316 , note. ^ Ann. Chim. tom. xx. p. 343. 
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M. Biot’s explanations were arbitrary hypotheses, 
suggested by these very facts themselves ; in Fresnel’s 
theory, they were essential parts of the general scheme. 
M. Biot, indeed, does not appear to have been avei’se 
from a coalition ; for he allowed^ to Fresnel that ‘ the 
theory of undulations took the phenomena at a higher 
point and carried them further.’ And M. Biot could 
hardly have dissented from M. Arago’s account of the 
matter, that Fresnel’s views ‘ linked together ' the 
oscillations of moveable polarization. But Fresnel, 
whose hypothesis was all of one piece, could give up 
no part of it, although he allowed the usefulness of 
M. Biot’s formuhe. Yet M. Biot’s speculations fell in 
better with the views of the leading mathematicians of 
Paris. We may consider as evidence of the favour 
with which they were looked upon, the large sj^ace 
they occupy in the volumes of the Academy for 1811,' 
1812, 1817, and 1818. In 1812, the entire volume is 
filled with a memoir of M. Biot’s on the subject of move- 
able polarization. This doctrine also had some advan- 
tage in coming early before the world in a didactic 
form, in his Traite de Physique, which was published 
in 1816, and was the most complete treatise on general 
physics which had appeared up to that time. In this 
and others of this author’s writings, he expresses facts 
so entirely in the terms of his own hypothesis, that it 
is difficult to separate the two. In the sequel M. Arago 
was the most prominent of M. Biot’s opponents; and 
in his report upon Fresnel’s memoir on the colours of 
crystalline j)lates, he exposed the weaknesses of the 
theory of moveable polarization with some severity. 
The details of this controversy need not occupy us; 
but we may observe that this may be fconsidered as 
the last struggle in favour of the theory of emission 
among mathematicians of eminence. After this crisis 
of the war, the theory of moveable'' polarization lost its 
ground ; and tlie explanations of the undulatory theory, 
and the calculations belonging to it, being published 
in the Annates de Chimie et de Physique, of which 

^ Ann. Chim. tom. xvii. p. aSi. ‘ Nouait.’ 



RECEPTION OF THE UNDULATORY THEORY. 353 

M. Arago was one of the conductors, soon diffused it 
over Europe. 

It was probably in consequence of the delays to 
which we have referred, in the publication of Fresnel’s 
memoirs, that as late as December, 1826, the Imperial 
Academy at St. Petersburg proposed, as one of their 
prize-questions for the two following years, this, — ^ To 
deliver the optical system of waves from all the objec- 
tions which have (as it appears) with justice* been 
urged against it, and to apply it to the polarization and 
double refraction of light.’ In the programme to this 
announcement, Fresriers researches on the subject are 
not alluded to, though his memoir on diffraction is 
noticed ; they were, therefore, probably not known to 
the Russian Academy. 

Young was always looked upon as a person of 
marvellous variety of attainments and extent of know- 
ledge; but during his life he hardly held that elevated 
place among great discoverers which posterity will 
probably assign him. In 1802, he was constituted 
Foreign Secretary of the Royal Society, an office which 
he held during life; in 1827 he was elected one of the 
eight Foreign Membei’s of the Institute of France; 
perhaps the greatest honour which men of science 
usually receive. The fortune of his life in sewne other 
respects was of a mingled complexion. His profession 
of a physiciaTi occupied, sufficiently to fetter, without 
rewarding him; while he was Lecturer at the Royal 
Institution, he was, in his lectures, too profound to be 
popular ; and his office of Superintendent of the 
Nautical Almanac subjected him to much minute 
labour, and many petulant attacks of pamphleteers. 
On the other hand, he had a leading part in the dis- 
covery of the long-sought key to the Egyptian hiero- 
glyphics; and thus the age which was marked by two 
great discpveries, one*in science and one in literature, 
owed them both in a great measure to him. Dr. Young 
died in 1829, when he had scarcely completed his hftv- 
sixth year. Fresnel was snatched from science still 
more prematurely, dying, in 1827, at the early age of 
thirty -nine. 
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We need not say that both these great philosophers 
possessed, in an eminent degree, the leading cliarac- 
teristics of the discoverer’s mind, perfect clearness of 
view, rich fertility of invention, and intense love of 
knowledge. We cannot read without great interest a 
letter of Fresnel to Young, in November, 1824 : ‘For 
a long time that sensibility, or that vanity, wdiich 
people call love of glory, is much blunted in me. I 
labour much less to catch the suffrages of the public, 
than to obtain an inward approval which has always 
been the sweetest reward of my efforts. Without 
doubt I have often wanted the spur of vanity to excite 
me to pursue my researches in moments of disgust and 
discouragement. But all the compliments which I 
ha^e received from MM. Arago, De Laplace, or Biot, 
never gave me so much pleasure as the discovery of a 
theoretical truth, or the confirmation of a calculation 
by experiment.’ 

Though Young and Fresnel were in years the con- 
temporaries of many who are now alive, we must 
consider ourselves as standing towards them in the 
relation of posterity. The Epoch of Induction in 
Optics is past ; we have now to trace the V erification 
and Application of the true theory. 


n I was able to give this, and (the Dean of Ely) Professor Pea- 
8ome other extracts, from the then cock, of Trinity College, Carn- 
nn edited correspondence of Young bridge, whose Life of Dr. Young 
and Fresnel, by the kindness of has since been i)ublished. 
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CHAPTER XIII. 

Confirmation and Extension of the Undulatouy 
Theory. 

A fter the undulatory theory had been developed 
in all its main features, by its great authors, 
Young and Fresnel, although it boro marks of truth 
which could hardly be fallacious, there was still here, 
as in the case of other great thei>ries, a jieriod in 
which difficulties were to be removed, objections an- 
swered, men’s minds tarniliarized to the new concep- 
tions thus presented to them ; and in wliich, also, it 
might reasonably be expected that the theory would be 
extended to facts not at first included in its domain. 
This period is, indeed, that in which we are living ; 
and we might, perhaps with {n'opj’icty, avoid the task 
of speaking of our living contemporaries. But it would 
be unjust to the theory not to notice some of the 
remarkable events, characteristic of such a period, 
which have already occurred ; and this may be done 
very simply. 

In the case of this great theory, as in that* of gravi- 
tation, by far the most remarkable of these confir- 
matory researches were conducted by tlie authors of 
the discovery, especially Fresnel. And in looking at 
what he conceived and executed for this purpose, we 
are, it appears to me, strongly reminded of Xewtori, by 
tbe wonderful inventiveness and sagacity with which 
he devised ex geri incuts, and applied to them mathe- 
matical reasonings. 

I. Dotcble Refraction of Compressed Glass . — One of 
these confirmatory experiments was tlie production of 
double refraction by the compression of glass. Fresnel 
observes,* that though Sir D. BrSwster had shown that 
glass under compression produced colours resembling 
those which are given by doubly- refracting crystals, 

^ Ann . de Chim . iSaa, tom. xx. p. 377. 
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* very skilful physicists had not considered those 
experiments as a sufficient proof of the bifurcation 
of the liglit.’ In the hypothesis of moveable polariza- 
tion, it is added, tliere is no apparent connexion 
between these phenomena of coloration and double 
refraction ; but on Young’s theory, that the colours 
arise from two rays which have traversed the crystal 
with different velocities, it appears almost unavoidable 
to admit also a difference of path in the two rays. 

‘ Though,’ he says, ‘ I had long since adopted this 
opinion, it did not appear to me so completely demon- 
strated, that it was right to neglect an ex})crimental 
verification of it;’ and therefore, in 1819, he proceeded 
to satisfy himself of the fiict, by the phenomena of 
diffraction. The trial left no doubt on the subject; 
but he still thought it would be interesting actually to 
produce two images in glass by compi'ession ; and by a 
highly-ingcuious combination, calculated to exaggerate 
the effect of the double refraction, which is very feeble, 
even when the compression is most intense, he obtained 
two distinct images. This evidence of the dependom^e 
of dipolarizing structure upon a doubly-refracting state 
of particles, thus excogitated out of the general theory, 
and verified by trial, may well he considered, as lie 
says, ‘ as .a new occasion of proving the infallibility of 
the principle of interferences.’ 

2. Olrcnlar Polarization . — Fresnel then turned his 
attention to another set of experiments, related to this 
indeed, hut by a tie so recondite that nothing less than 
his ch^ariiess and acuteness of view could have detected 
any connexion. The optical properties of quartz had 
been perceived to be peculiar, from the period of the 
discovery of dipolarized coloui*s by MM. Arago and 
Biot. At the end of the Notice just quoted, Fresnel 
8 ays ,2 i soon as my occupations permit me, I pro- 
pose ^o employ a pile of prisms similar to that which I 
have described, in order to study the double refraction 
of the rays which traverse crystals of quartz in the 
direction of the axis.’ He then ventures, without hesi- 


Anv. (le Chim. tom. xx. p. 38 
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tation, to describe beforehand what the phenomena will 
be. In the Bu’leiin des Sciences^ for December, 1822, 
it is stated that experiment had confirmed what he had 
thus announced. 

The phenomena are those which have since been 
spoken of as circular polarization ; and the term first 
occurs in this notice.^ They are very remarkable, both 
by their resemblances to, and their differences from, 
the plienomena of plane-polarized light. And the 
manner in which Fresnel was led to this anticipation 
of the facts is still more remarkable than the facts 
themselves. Having ascertained by observation that 
two differently-polarized rays, totally reflected at the 
internal surface of glass, suffer different retardations 
of their undulations, he applied the formulae which he 
had obtained for the polarizing effect of reflection to 
this case. But in this case the formulae expressed an 
impossibility; yet as algebraical formulae, even in such 
cases, Ijave ofceii some meaning, ‘ I interpreted,’ he 
says,** ‘ in the manner which appeared to me most 
natural and most ])robable, what the analysis indicated 
by this imaginary form;’ and by such an interpreta- 
tion he collected the law of the difl’erence of undula- 
tion of the two rays. lie was thus able to predict 
that by two internal reflections in a rlu)mh^ «r ])aralle- 
lopiped of glass, of a certain form and position, a 
polarized ray would acquire a circular undulation of its 
particles ; and this constitution of the ray, it appeared, 
by reasoning further, would show itself by its possess- 
ing peculiar ] jroperties, partly the same as those •of 
])olarized light, and partly different. This extra- 
ordinary anticipation was exactly confirmed ; and thus 
the ay)parently^ bold and strange guess of the author^ 
was fully justified, or at least assented to, even by the 
most cautious philosophers. ‘ As I cannot apj)reciate 
the mathematical evidence for the nature of circular 
])olarization,’ says Prof. Airy,^, ‘ I shall mention the 

^ Ib, Ann. dc Chim. iSaz, tom. xx. p. 191. ^ Ib. p. 194* 

s JBuUet des Sc. i 8 i 3 , p. 33 . 

* Camb. Tram. vol. iv. p. 81, i 83 i. 
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experimental evidence on which I receive it.’ The 
conception has since been universally arlopted. 

But Fresnel, having thus obtained circularly-polar- 
ized rays, saw that he could ficcount for the pheno- 
mena of quartz, already observed })y M. .Arago, as we 
have noticed in Chap. ix.,by supposing two circularly- 
polarized rays to pass, with different velocities, along 
the axis. The curious succession of colours, following 
each other in right-handed or left-handed circular 
order, of which wo have already spoken, might thus be 
hypothetically cx[)lained. 

But was this hypothesis of two circularly-polarized 
rays, travelling along the axis of such crystals, to be 
received, merely because it accounted for the pheno- 
mena? Fresnel’s ingenuity again enabled him to avoid 
such a defect in theorizing. If there were two such 
rays, they might be visibly separated^ by the saiinj 
artifice, of a pile of ])risms properly achromatized, which 
he had used for compressed glass. The result v^aa. that 
he did obtain a visible separation of the rays; and this 
result has since Ijeen confirmed by others, for instance. 
Professor Airy,® The rays were found to be in all 
respects identical with the circularly-polarized i*avs 
produced by the internal reflections in Fresnel’s rhomb. 
This kind of double refraction gave a hyj)othetical 
explanation of the law^s which M. Biot had obtained 
for the phenomena of this class; for example,^ the 
rule, that the deviation of the plane of polarization of 
the emeigcnt ray is inversely as the square of the 
leifgth of an undulation for each kind of rays. And 
thus the i)henf)mena produced by light passing along 
the axis of quartz were reduced into comj)lete con- 
formity with the theory. 

[2nd Ed.] [I believe, however, FrCvsnel did not deduce 
the phenomenon from the mathematical formula, with- 
out the previous suggestion of experiment. He observed 
appearances which implied a difference of retardation 
in the two differently- polarized rays at total reflection ; 

Bull, des Sc. i 8 -! 3 , p. ® Cambridge Trans, iv, p. 80. 

9 Bull, des Sc. 183a, p. 197. 
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as Sir D. Brewster observed in reflection of metals 
plienomena having a like character. The general fact 
being observed, Fresnel used the theory to discover the 
law of this retardatioiij^nd to determine a construction 
in which, one ray being a quarter of an undulation 
retarded more than the other, circular jiolarization 
would be produced. And this anticipation was verified 
by the construction of his rJiomb. 

As a still more curious verification of this law, 
another of Fresnel's experiments may be mentioned. 
He found the proper angles for a circularly-polarizing 
glass rhomb on the supposition that there were four 
internal reflections instead of two ; two of the four 
taking place when the surface of the glass was dry, and 
two when it was wet. The rhomb was made; and 
when all the points of reflection were dry, the light 
was not circularly polarized ; when two points were 
wet, the light was cii*cularly polarized ; and when all 
four were wet, it was not circularly polarized.] 

3. Elliptical Polarization in Quartz. — We now 
come to one of the few additions' to Fresnel’s theory 
which have been shown to be necessary. He had 
accounted fully for the colours produced by the rays 
which travel along the ax'is of quartz crystals; and 
thus, for the colours and changes of the central spot 
which is produced when polarized light passes through 
a transverse plate of such crystals. But this central 
s])ot is surrounded by rings of colours. How is the 
theory to be extended to these 1 

This extension has been successfully made by Pro- 
fessor Airy.^® His hypothesis is, that as rays passing 
along the axis of a quartz crystal are circularly 
polarized, rayis which are oblique to the axis are ellip- 
tically polarized, the amount of ellipticity depending, 
in some unknown manner, upon the obliquity; and 
that each ray is separated by double refraction into 
two rays polarized ellipticaJly ^ the one right-handed, 
the other left-handed. By means of these suppositions, 
he not only was enabled to accoifnt for the simple 
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plienomena of single plates of quartz; but for many 
most complex and intricate appearances which arise 
from the superposition of two plates, and which at 
first sight might appear to defy, all attempts to reduce 
them to law and symmetry; such as spirals, curves 
approaching to a square form, curves broken in four 
places. ‘ I can hardly imagine,’ he says,^^ very natu- 
rally, ‘ that any other supposition would represent the 
phenomena to such extreme accuracy. I am not so 
much struck with the accounting for the continued 
dilatation of circles, and the general representation of 
the form of spirals, as with the explanations of the 
minute deviations from syi^mietry; as when circles 
become almost square, and crosses are inclined to the 
plane of polarization. And 1 believe that any one w^ho 
shall follow my investigation, and imitate my experi- 
ments, will be surprized at .their perfect agreement,’ 

4. Differential Equations of Elliptical Folanzaiion, 
— Although circular and elliptical polarization can be 
cleaT'ly conceived, and their existence, it would seem, 
irresistibly established by the phenomena, it is ex- 
tremely difficult to conceive any arrangement of the 
particles of bodies by which such motions can mechani- 
cally be produced; and this difficulty is the greater, 
because some fluids and some gases impress a circular 
polarization upon light; in which cases we cannot 
imagine any definite arrangement of the particles, such 
as might form the mechanism requisite for the purpose. 
Accordingly, it does not appear that any one has been 
able to suggest even a plausible hypothesis on the 
subject. Yet, even here, something has been done. 
Professor Mac Cullagh, of Dublin, has discovci'ed that 
by slightly modifying the analytical exp7*cssions result- 
ing from the common case of the propagation of light, 
we may obtain other expressions which would give 
rise to such motions as produce circular and elliptical 
polarization. And though we cannot as yet assign 
the mechanical interj>retatioii of the language of 
analysis thus geileralized, this generalization brings 
together and ex])lains by one common numerical sup- 

Camb. lYam, iv. p. laa. 
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position, two distinct classes of facts ; — a circumstance 
which, in all cases, entitles an hypothesis to a very 
favourable consideration. 

Mr. Mac Cullagh’s assumption consists in adding to 
the two equations of motion which are expressed by 
means of second differentials, two other terms involv- 
ing third differentials in a simple and symmetrical 
manner. In doing this, he introduces a coefficient, of 
which the magnitude determines both the amount of 
rotation of the polarization of a ray passing along 
the axis, as observed and measured by M. Biot, and 
the ellipticity of the polarization of a ray which is 
oblique to the axis, according to Mr. Airy’s theory, of 
which ellipticity that philosopher also had obtained 
certain measures. The agi*eement between the two 
sets of mea.sures^2 brought into connexion is such 

as very strikingly to confirm Mr. Mac Cullagh’s hypo- 
thesis. It appears probable, too, that the confirmation 
of this hypothesis involves, although in an obscure and 
oracular form, a confirmation of the undulatory theory, 
which is the starting-point of this cuiious speculation. 

5. Elliptical Folarization of Metah — The effect of 
metals uj)on the light which they reflect, was known 
from the first to be different from that which transpa- 
rent bodies produce. Sir David Brewstqf, who has 
recently examined this subject very fully,^"^ has de- 
scribed the modification thus pi’oduccd, as elliptic 
polarization. In employing this term, ‘ he seems to 
have been led,’ it has been observed,^^ ‘ l)y a desire to 
avoid as much as possible all reference to theory. 
The laws which he has obtained, however, belong to 
elliptical ly-polari zed light in the sense in which the 
term was iiAroduced by Fresnel.’ And the identity 
of the light" produced by metallic reflection with the 
ellipticallyq)i)larized light of the wave-fjieory, is placed 
beyond all doubt, an observation of Professgr Airy, 
that the rings of uniaxal cr3'^stgLls, produced by Fresnel’s 
elliptically-polarized light, are exactly the same as 
those i^roduced by Brewster’s mctaflic light. 

12 noynl r. A. Trans. i835. rhil. Trans. i83o. 

Lloyd, Report on Optics^ p. 37^. (Itrit. Assoc.) 
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6. Newtons Rings hy Polarized Light . — Otlier modi- 
fications of tlie plieuomena of tliin plates by tlie use 
of polarized light, vsupplied other striking confirmations 
of the theory. These were in one case tlie more 
remarkable, since the result was foreseen by means of 
a rigorous applicationof the conception of the vibra- 
tory motion of light, and confirmed by experiment. 
Professor Airy, of Cambridge, was led by his reason- 
ings to see, that if Newton’s rings are produced 
between a lens and a ])late of metal, by polarized light, 
then, up to the polarizing angle, the central spot will 
be black, and instantly beyond this, it will be white. 
In a note,^^ in which he annoj^inced this, he says, ‘ This 
I anticipated from Fresnel’s expressions; it is con- 
firmatory of them, and defies emission.’ He also pre- 
dicted that when the rings were produced between 
two substances of very different I’efractive powers, the 
center would twice pass from black^ to white and from 
white to black, by increasing the angle; which anti- 
cipation was fulfilled by using a diamond for the 
higher refraction. 

7. Conical Refraction . — In the same manner. Pro- 
fessor Hamilton of Duldin pointed out that according 
to the Fresiielian doctrine of double refraction, there 
is a certain direction of a crystal in which a single ray 
of light will be refracted so as to form a conical pencil. 
For the direction of the refracted ray is determined by 
a plane which touches the wave surface, the rule 
being that the ray must pa«s from the center of the 
surface to the point of contact; and though in general 
this contact gives a single point only, it so happens, 
from the peculiar inflected form of the wave surface, 
which has what is called a cusp^ that in One particular 
position, the plane can touch the surface in an entire 
circle. Thus the general rule which assigns the path 
of the j'efracted ray, would, in this’ case, guide it from 

Addressed to my^ielf, dated years earlier, and published: 
May 2 i 83 i. I ought, however, though not then recollected by 

to notice,that this experiment had Mr. Airy. 

been made by M. Arago, liftecn Cu^.tb. Trans, vol. ii. p. 409. 
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tlic center of the surface to every point in tlie circum- 
ference of the circle, and thus make it a cone. This 
very curious and unexpected result, which Professor 
Hamilton thus obtained from the theory, his friend 
Professor Lloyd verified as an experimental fact. We 
may notice, also, that Professo^jloyd found the light 
of the conical jioncil to be polarized according to a law 
of an unusual kind ; but one which was easily seen to 
be in complete accordance with the theory. 

8. Fringes of Shadows. — The phenomena of the 
fringes of shadows of small holes and groups of holes, 
which had been the subject of experiment by Fraun- 
hofer, were at a later period carefully observ(^d in a 
vast variety of cases by M. Schwerd of Sjurcs, and 
published in a separate work,^^ Beugungs-ersdieinungan 
(Phenomena of Inflection), 1836. In this Treatise, 
the author has with great industry and skill calculated 
the intcgi-als which, as we have seen, are requisite in 
order to trace the consequences of the theory ; and the 
accordance wliich he finds between these and the varic'd 
and.brilliant results of observation is throughout exact. 
^ I shall,’ says he, in the preface, ‘ prove by the 
present Treatise, that all inflection-phenomena, thi'ough 
openings of any form, size, and arrangement, are not 
only explained by the undulation- theor}^, but that 
they can be re|)resented by analytical exj)ressions, 
determining the intensity of the light in any point 
whatever.’ And he justly adds, that the undulation- 
theory accounts for the jihenomena of light, as com- 
pletely as the theory of gravitation does for the facts 
of the solar system. 

9. Objections to the Theory. — e have hitherto 
mentioned only cases in which the undulatory theory 
w'as either entirely successful in explaining the facts, 
or at lea^t hypothetically consistent with tliem and 
with itself. But ftther objjections were started, and 
some difficulties were long considered as very embar- 

^7 Die Beuguvgsi-eriH'hei avvgen^ von F. M. Schwerd. Mannheim, 
ans dem Fundaimnial-geseiz der 18 35. 

UnduMio>ns-Tli€orie. aucdytlHcfi mt- Dated Speyer, Aug. 18 35. 

wickeU und in Bildcrn dargestelUt 
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rassing. Objections were made to tlie theory by some 
.English experimenters, as Mr. Potter, Mr. Barton, 
and others. These appeared in scientific journals, and 
were afterwards answered in similar publications. The 
objections depended partly on the measure of the 
intensity of light in tlm different points of the pheno- 
nieiia, (a datum which it is very difficult to obtain 
with accuracy by experiment;) and partly on miscon- 
ceptions of the theory ; and I believe there are none 
of them which would now be insisted on. 

We may mention, also, another difficulty, which it 
was the habit of the opponents of the theory to urge 
as a reproach against it, long after it had been satis- 
factorily explained : I mean the half’Undulation which 
Young and Fresnel had found it necessary, in some 
cases, to assume as gained or lost by one of the rays. 
Though they and tlnur followers could not atialyse the 
mechanism of reflection with sufficient exactness to 
trace out all the circumstances, it was not difficult to 
see, upon Fresnel’s principles, that reflection from the 
interior and exterior surface of glass must be of o})po- 
sitc kinds, which might be exprcs.sed by supposing one 
of these rays to lose half an undulation. And thus 
there came into view a justification of the step which 
had originally been taken upon empirical grounds 
alone. 

lo. Dispersion, on the Undulatory Theory. — A 
difficulty of another kind occasioned a more serious 
and ])rotracted embariussii'ent to the cultivators of 
this theory. This was the appai’ent im])ossibility of 
accounting, on the theory, for tiie prismatic dispersion 
of colour. For it had been shown by Newton that 
the amount of refraction is different for every colour; 
and the amount of refraction depends on the velocity 
with which light is propagated. Yet the theory sug- 
gested no reason why the velocity 'should be different 
for different colours : for, by mathematical calculation, 
vibrations of all degrees of rapidity (in which alone 
colours differ) are' propagated with the .same s])eed. 
Nor does analogy lead us to expect this variety. 
There is no such difference between quick and slow 
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waves of air. The sounds of the deepest and tho 
highest bells of a peal are heard at any distance in the 
same order. Here, therefore, the theory was at fault. 

But this defect was far from being a fatal one. For 
though the theory did not explain, it did not contra- 
dict, dispersion. The suppositions on which the cal- 
culations had been conducted, and the analogy of 
sound, were obviously in no small degree precarious. 
The velocity of propagation might differ for different 
rates of undulation, in virtue of many causes which 
would not affect the general theoretical results. 

Many such hypotlietical causes were suggested by 
various eminent mathematicians, as solutions of this 
conspicuous difficulty. But without dwelling upon 
these conjectures, it may suffice to notice that hypo- 
thesis upon which the attention of mathematicians 
was soon concentrated. This was the hypothesis of 
finlie intervals between the particles of the ether. The 
length of one of those undulations which produce 
liglit, is a very small quantity, its mean value being 
1-50, 000th of an inch; but in the previous investiga- 
tions of the consequences of the theory, it had been 
assumed that the distance from each other, of the 
particles of the etlier, which, by their attractions or 
repulsions, caused the undulations to be prppagated, is 
indefinitely less than this small quantity ; — so that its 
amount might be neglected in the cases in which the 
length of the undulation >vas one of the quantities 
which determined the result. But this assumption was 
made arbitraT-ily, as a step of simplification, and because 
it was imagined that, in this way, a nearer approach 
was made to the case of a continuous fluid ether, which 
the supposition of distinct ])articles imperfectly I’epre- 
sented. It was still free for mathematicians to proceed 
upon the opposite assumption, of particles of which 
the distances wer^ finite, either as a mathematical 
basis of calculation, or as a physical hypothesis; and 
it remained to be seen if, when this was done, the 
velocity of light would still be the* same for different 
lengths of undulation, that is, for different colours. 
M. Cauchy, calculating, upon the most general priu^ 
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ciples, the motion of such a collection of particles as 
would form an elastic medium, obtained results which 
included the new extension of the previous hypothesis. 
Professor Powell, of Oxford, applied himself to reduce 
to calculation, and to compare with experiment, the 
result of these researches. And it ap})eared that, on 
M. Cauchy’s principles, a variation in the velocity of 
light is produced by a variation in the length of the 
wave, provided that the interval betwecm the molecules 
of the ether hears a sensible ratio to the length of an 
undulatioii.^*’^ Professor Powell obtained also, from 
the general exjiressions, a formula expressing the rela- 
tion between the refractive index of a ray, and the 
length of a wave, or the colour of light.-^ It then 
became his task to ascertain whether this relation 
obtained ex])erinientally ; and he found a very close 
agreement between the. numbers which resulted from 
the formula and those observed by Fraunhofer, for ten 
different kinds of media, namely, certain glasses and 
fliiids.2i ipQ these he afterwards added ten other cases 
of crystals observed by M. E-udberg.-^ Mr. Kelland, 
of Cambridge, also calculated, in a manner somewhat 
different, the results of the same hypothesis of finite 
intervals and, obtaining formulae not exactly the 
same as Professor Powell, found also an agreement 
between these and Fraunhofer’s observations. 

It may be observed, that the refractive indices 
observed and employed in these comparisons, were not 
those determined by the colour of the ray, which is 
not capable of exact identification, but those more 
accurate measures which Fraunhofer was enabled 
to make, in consequence of having detected in the 
spectrum the black lines which he called B, C, D, E, 
F, G, H. The agreement between the theoretical 
formulae and the observed numbers is remarkable, 
throughout all the series of comparisons of which we 
have spoken. Yet we pust at present hesitate to 

PliU, Mag. vol. vi. p. i66. *0 Ib. vol. vii. i835, p. z66. 

21 Phil. Tram. i835,p. ^49. 22 i836, p. 17. 

23 CamJb. Tram, vol. vi. p, i53. 
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pronounce upon the hypothesis of finite intervals, as 
])roved by tliese calculations; for though this hypo- 
thesis has given results agreeing so closely with experi- 
ment, it is not yet clear that other hypotheses may 
not j)roduce an equal agreement. By the nature of 
the case, there must be a certain gradation and con- 
tinuity in the succession of colours in the spectrum, 
and hence, any supposition which will account for the 
general fact of the whole dispersion, may possibly 
account for the amount of the intermediate dispersions, 
because these must be interpolations between the 
extremes. The result of this hypothetical calculation, 
howevei*, shows very satisfactorily that there is not, in 
the fact of dispersion, anything which is at all for- 
midable to the undulatory theory. 

II. Conclusion . — There are several other of the 
more recondite points of the theory which may be 
consldei'od as, at present, too undecided to allow us to 
speak historically of the discussions which they have 
occasioned For example, it was conceived, for some 
time, that the vibrations of ])olarized light are perpen- 
dicular to the plane of polarization. But this assump- 
tion was not an essential part of the theory; and all 
the phenomena would equally allow us to suppose the 
vibrations to be in the polarization plan e^ the main 
requisite being, that light polarized in planes at right 
angles to each other, shoidd also have the vibrations 
at right angles. Accordingly, for some time, this 
point .was left undecided by Young and Fresnel, and, 
more recently, some mathematicians have come to the 
opinion that ether vibrates in the plane of polarization. 
The theory of transverse vibrations is equally stable, 
whichever supposition may be finally confirmed. 

We may speak, in the same manner, of the suppo- 
sitions which, from the time of Young, and Fresnel, 
the cultivators of this theory have been led to. make 
respecting the mechanical constitution of the ether, 
and the forces by which transverse vibrations are pro- 
s'* For an account of these, see Professor Lloyd's Report on Physical 
Optics. (Brit. Assoc. Keport, 1834.) 
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duced. It was natural that various difficulties should 
arise upon such points, for transverse vibrations had 
not previously been made the subject of mechanical 
calculation, and the forces which occasion tliem must 
act ill a different manner from those which were 
previously contemplated. Still, we may venture to 
say, without entering into tliese discussions, that it 
has appeared, from all the mathematical leasonings 
which have been pursued, that there is not, in the 
conception of transverse vibrations, anything incon- 
sistent either with the j)rinci[)les of mechanics, or 
with the best general views which we can form, of the 
forces by which the universe is held together. 

I willingly speak as briefly as the nature of my 
undertaking allows, of those points of the undula- 
tory theory which are stiJl under deliberation among 
mathematicians. With respect to these, an intimate 
acquaintance with mathematics and physics is neces- 
sary to enable any one to understand the steps which 
are made from day to day; and still higher philo- 
sophical qual ideations would be requisite in order to 
pronounce a judgment upon them. I shall, therefore, 
conclude tliis survey by remarking the highly promis- 
ing condition of tliis great department of science, in 
respect to the character of its cultivators. Nothing 
less than profound thought and great mathematical 
skill can enable au}' one to deal with tliis theory, in 
any way likely to jiromote the interests of science. 
But there appears, in the horizon of the scientific 
world, a considerable class of young mathematicians, 
who are already bringing to these investigations the 
requisite talents and zeal; and who, having acquired 
their knowledge of the theory since the time when its 
acceptation was doubtful, possess, without effort, that 
singleness and decision of view as to its fundamental 
doctrines, which it is difficult for those to attain whose 
minds have had to go through the hesitation, struggle, 
and balance of the epoch of the establishment of the 
theory. In the hands of this new generation, it is 
reasonable to suppose the Analytical Mechanics of liglit 
will be improved as much as the Analytical Mechanics 
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of the solar system was by the successors of Newton. 
We have already had to notice many of this younger 
race of undulationists. For besides MM. Cauchy, 
Poisson, and Ampere, M. Lam 4 has been more recently 
following these researches in France.^^ In Belgium, 
M. Qiietelet has given great attention to them; and, 
in our own country, Sir William Hamilton, and 
Professor Lloyd, of Dublin, have been followed by Mr. 
Mac Cullagh. Professor Powell, of Oxford, has con- 
tinued his researches with unremitting industry ; and, 
at Cambridge, Professor Airy, who did much for the 
establishment and diffusion of the theory before he 
was removed to the post of Astronomer Koyal, at 
Greenwich, has had tfie satisfaction to see his labours 
continued by others, even to the most recent time ; for 
Mr. Kell and,-® whom we have already mentioned, and 
Mr. Archibald Smith , -7 the two persons who, in 1834 
and 1836, received the highest mathematical honours 
which that university can bestow, have both of them 
published investigations respecting the undulatoiy 
theory. 

We may be permitted to add, as a reflection obvi- 
ously suggested by these facts, that the cause of the 
progress of science is incalculably benefited by the 
existence of a body of men, trained and stiyiulated to 
the study of the higher mathematics, such as exists in 
the British universities, who are thus prepared, when 
an abstruse and sublime theory comes before the world 
with all the characters of truth, to appreciate its evi- 
dence, to take steady hold of its principles, to pursue 
its calculations, and thus to convert into a portion of 
the permanent treasure and inheritance of the civilized 
world, discoveries which might otherwise expire with 
the great geniuses who produced them, and be lost for 


Prof. Lloyd’s 39^. See also, in the same .volume, 

Oil the Dispersion of Lights as ^athemaiical Comiderations on the 
explainedby the Hypothesis of Finite Problem of the Jininbow, showing 
Intervals. Camb. Trans, vol. vi. it to belong to Physical Optics, by 
p. i53. R. Potter, Esq., of Queen’s Col- 

27 Investigation of the Equation lege. 
to Fresnel's Wave Surface^ ib. p. 85. 
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ages, as, in former times, great scientific discoveries 
have sometimes been. 

The reader wlio is acquainted with the history of 
recent optical discovery, will see that we have omitted 
much which has justly excited admiration ; as, for 
example, the phenomena produced l>y glass under 
heat or pressure, noticed by MM. Lobeck, Biot, and 
Brewster, and many most curious properties of pai*ti- 
cular minerjils. We have omitted, too, all notice of 
the phenomena and laws of the absorption of light, 
which hitherto stand unconnected with the theory. 
But in this we have not materially deviated from our 
main design ; for our end, in what we have done, has 
been to trace the advances of 0])tics towards pei-fection 
as a theory; and this task we have now nearly exe- 
cuted as far as our abilities allow. 

We have been desirous of showing that the type of 
this progress, in the histories of the two great sciences. 
Physical Astronomy and Physical Optics, is the same. 
In both we have many Laws of Phenomena detected 
and accumulated by acute and inventive men ; we have 
Prelndial guesses which touch the true theory, but 
which remain for a time imperfect, undevelo])ed, un- 
confirmed: finally, we have the Epoch when this true 
theory, clearly apprehended by great philosoi'diical 
geniuses, is recommended by its fully explaining what 
it was first meant to explain, and confirmed by its 
explaining what it was Twt meant to explain. We 
have then its Progress struggling for a little while with 
adverse prepossessions and difficulties; finally over- 
coming all these, and moving onwards, while its 
triumphal procession is joined by all the younger and 
more vigorous men of science. 

It would, peihaps, be too fanciful to attempt to 
establish a parallelism between the pi-ominent persons 
who figure' in these two historic^^ If we were to do 
this, we must consider Hfiyghens and Hooke as stand- 
ing in the place of Copernicus, since, like him, they 
announced the true theory, but left it to a future age 
to give it development, and mechanical confirmation; 
Malus and Brewster, grouping them together, corre- 
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spond to Tycho Brahe and Kepler, laborious in 
accumnlating observations, inventive and happy in 
discovering laws of phenomena ; and Young and 
Fresnel combined, make up the Newton of optical 
science. 

[211(1 Ed.] [In the Report on Physical Optics, {Brit. 
Ass. Reports, 1834,) by Prof. Lloyd, the progress of 
the mathematical theory after Fresnel’s labours is 
stated more distinctly than I have stated it, to the 
fallowing effect. Ampere, in 1828, proved Fresnel’s 
mathematical results directly, which Fresnel had only 
jiroved indirectly, and derived from- li is jiroof Fresnel’s 
beautiful geometrical construction. Prof. Mac Ciillagh 
not long after gave a concise demonstration of the 
same theorem, and of the other principal points of 
Fresnel’s theory. He represents the elastic force by 
means of an ellipsoid whose axes are invei'sely propor- 
tional to those of Fresnel’s generating ellijisoid, and 
deduces Fresnel’s construction geometrically. In the 
third Supplement to his Essay on the Theory of 
i^y steins of Rays, {TroAis. R. I. Acad, vol, xvii.) Sir 
W. Hamilton has i)resented that ])ortioti of Fresnel’s 
theory which relates to the fnndamental problem of 
the determination of the velocity and polarization of a 
plane wave, in a very elegant and analytical form. 
This he does by means of what he calls the charac- 
teristic function of the optical system to which the 
problem belongs. From this function is deduced the 
surface of wave-slowness of the medium ; and by means 
of this surface, the direction of the rays refract(Hl into 
the medium. From this construction also Sir W. 
Hamilton was led to the anticipation of conical refrac- 
tion, mentioned above. 

The investigations of MM. Cauchy and Lame refer 
to the laws by which the particles of the ether act 
upon each other and upon the particles of* other 
bodies; — a field of speculation which appears to me 
not yet ripe for the final operations gf the analyst. 

Among the mathematicians who have supplied 
defects i.a Fresnel’s reasoning on this subject, J may 
mention Mr. Tovey, who tr(‘ated it in several papers 
B n 2 
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in the Philosophical Magazim (1837-40). Mr. Tovey’s 
early death must be deemed a loss to mathematical 
science. 

Besides investigating the motion of symmetrical 
systems of ]mrfcicles which may be supposed to corre- 
spond to biaxal crystals, Mr. Tovey considered the 
case of unsymmetrical systems, and found that the 
undulations propagated would, in the general case, bo 
elliptical; and that in a particular case, circular undu- 
lations would take j)lace, such as arc propagated along 
the axis of (juartz. It appears to me, however, that he 
has not given a definite meaning to those limitations 
of his general hy])othesis which conduct him to this 
result. Perhaps if the hypothetical conditions of this 
result were traced into detail, they would be found to 
reside in a screw-liJcc arrangement of the elementary 
particles, in some degree such as crystals of quartz 
themselves exhibit in their forms, when they have 
plagihedral faces at both ends. 

Such crystals of quartz arc, some like a right-handed 
and some like a left-handed screw; and, as Sir John 
Her.schel discovered, the circular polarization is right- 
handed or left-handed according as the plagihedral 
form is so. In Mr. Tovey’s hypothetical investigation 
it does ap])ear uj)on what part of the hypothesis 
this difference of right and left-handed depends. The 
definition of this part of the hypothesis is a very desir- 
able step. 

When crystals of Quartz are right-handed at one 
end, they are right-handed at the other end: but theie 
is a different kind of jdagihedral form, which occurs in 
some other crystals, for instance, in Apatite: in these 
the plagihedral faces are right-handed at the one 
extremity and left-handed at the other. For the sake 
of distinction, we may call the former homologous 
plagilnedral faces, since, at both ends, they have the 
same name ; and the « latter heterologous plagihedi'al 
faces. 

The homologous plagihedral faces of Quartz crystals 
are accompanied by homologOTis circular polaiization 
of the same name. I do not know that heterologous 
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circular polarization has been observed in any crystal, 
but it has been discovered by Dr. Faraday to occur in 
gass, &c. when subjected to powerful magnetic action. 

Perhaps it was presumptuous in me to attempt to draw 
such comparisons, especially with regard to living per- 
sons, as I have done in the preceding pages of this Book. 
Having published this passage, however, I shall not 
now suppress it. But I may observe that the immense 
numl)er and variety of the beautiful optical discoveries 
which we owe to Sir David Brewster makes the com- 
parison in his case a very imperfect representation of 
his triumphs over nature; and that, besides his place in 
the history of the Theory of Optics, he must hold a most 
eminent position in the history of Optical Crystallo- 
graidiy, whenever the discovery of a Trye Optical Theory 
of Crystals supplies us with the Epoch to which his 
labours in this field form so rich a Prelude. I cor- 
dially assent to the expression employed by Mr. Airy 
in the Phil. Trans, for 1840, in which he speaks of Sir 
David Brewster as ‘Hhe Father of Modern Experi- 
mental Optics.”] 
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Et primum faciunt ignem se vortere in auras 
Acris ; hinc imbrcm gigni terramque creari 
Ex imbri ; retroque a terr^ cuncta revorti, 
Humorem primum, post acra deiiide calorem ; 

Nec cessarc liajc inter se mutare, nieare, 

De ccelo ad terram de terrS ad sidera inundi. 

Lucrktius, i. 783. 


Water, and Air, and Fire, alternate run 
Their endless circle, multiform, yet one. 

For, moulded by the fervour’s latent beams. 

Solids flow loose, and fluids flash to steams, 

And elemental flame, with secret force. 

Pursues through earth, air, sky, its stated course. 



INTEODUCTION. 


Of Therniotics and Atmology. 

I EM PLOY the term Therinotics, to include all the 
doctrines respecting Heat, which have hitherto 
been established on proper scientific grounds. Our 
survey of the history of this branchy of science must 
be more rapid and less detailed than it has been in 
those s\d)jects of which we have hitlierto treated : 
for our knowledge is, in tliis case, more vague and 
uncertain than in the otliers, and has made less pro- 
gress towards a general and certain tlieory. Still, the 
narrative is too im2)ortant and too instructive to be 
passed over. 

The distinction of Formal Therrnotics and Physical 
Thermo tics, — of the discovery of the mere Laws of 
Phenomena, and the discovery of their Causes, — is 
applicable here, as in other departments of our know- 
ledge. But we cannot exhibit, in any j)rominent 
manner, the latter division of the science pow before 
us; since no general theory of heat has yet been pro- 
pounded, which affords the means of calculating the 
circumstances of the phenomena of conduction, radia- 
tion, expansion, and change of solid, liquid, and gaseous 
form. Still, oil each of these subjects there have been 
proposed, and extensively assented to, certain general 
views, each of which explains' its approj^riate class of 
I)henomena; and, in some cases, these principles have 
been clothed in precise and mathematical conditions, 
and thus made bases of calculation. 

These principles,* thus posses.sing a generality of a 
limited kind, connecting several observed laws of f)he- 
nomena, but yet not connecting all the observed classes 
of facts which relate to heat, will require our separate 
attention. They may be described as the Doctrine of 
Conduction, the Doctrine of Hadiation, the Doctrine 
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of Specific Heat, and the Doctrine of Latent Heat ; 
and these, and similar doctrines respecting heat, make 
np the science which we may call Thermotics proper. 

But besides these collections of principles which 
regard heat by itself, the relations of heat and moisture 
give rise to another extensive and important collection 
of laws and principles, which I shall treat of in con- 
nexion with Thermotics, and shall term Atmology, 
borrowing tlie term from the Greek word (arpoc,) 
which signifies vapour. The was so named 

by the Greeks, as being a sphere of vapour; and, un- 
doubtedly, the most general and important of the 
phenomena wliicfi take ])lace in the air, by which the 
earth is suri’ounded, are those in which water, of one 
eonsist€7ice or othei*(ice, water, or steam), is concerned. 
The knowledge which relates to what takes place in 
the atmosjdiere lias been called Meteorology^ in its 
collective form : but such knowledge is, in fact, com- 
posed of parts of many different sciences. And it is 
useful for our purjiose to consider separately those 
portions of Meteorology which have reference to the 
laws of aqueous vapour, and these we may include 
under the term Atmology. 

The instruments which have been invented for the 
purpose of measuring the moisture of the air, that is, 
the quantity of vapour which exists in it, have been 
termed Hygrometers ; and the doctrines on which these 
instruments defiend, and to which they lead, have been 
called 11 ygromelry ; but this term has not been used 
in quite so extensive a sense as that which we intend 
to affix to Alimlogy. 

In treating of Thermotics, we shall first describe 
the earlier progress of mens views concerning Con- 
duction, Kadiatiori, and the like, and shall then speak 
of the more recent corrections and extensions, by 
which they have been brought nearer to theoretical 
generality. 
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CHAPTER L 

The Doctrines of Conduction and Radiation. 


Section i . — Introduction of the Doctrine of Conduction. 

B y conduction is meant the propagatir)n of heat 
from one part to another of a continiions body; 
or from one body to another in contact witli it; as 
when one end of a ])oker stuck in tlic fire heats the] 
other end, or when this end heats the hand which 
takes hold of it. By radiation is meant the diffusion 
of heat from the surface of a body to points not in 
contact. It is cleai^in both these cases, that, in pro-i 
portion as the hot portion is hotter, it produces a 
greater effect in wanning the cooler portion ; tliat is, 
it communicates more Heat to it, if Heat be Jhe abstract 
conception of which this effect is the measure. The 
simplest rule which can be proposed is, that the heat 
thus communicated in a given instant is proportional 
to the excess of tlie heat of the hot body over that of 
the contiguous bodies ; there are no obvious phenomena 
which contradict the su])positiou that this is the true 
law; and it was thence assumed by Newton as the true 
law for radiation, and by other writers for conduction. 
This assumption was confirmed approximately, and 
afterwards corrected, for the case of Radiation ; in its 
application to Cuncluction, it has been made tlje basis 
of calculation up to the present time. We may observe 
that this statement takes for granted that we have 
attained to a measure of heat (or* of temperature, as 
heat tlms measured is termed.) corresponding to the 
law thus assumed ; and, in fact, as we shall have occasion 
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to explain in speaking of the measures of sensible 
qualities, the therm ometrical scale of heat according to 
the expansion of liquids, (which is the measure of tem- 
perature here adopted,) wa^ constructed with a reference 
to Newton’s law of radiation of heat ; and thus the law 
is necessarily consistent with the scale. 

In any case in which the parts of a body are unequally 
hot, the temperature will vary continuously in passing 
from one part of the body to another ; thus, a long 
bar of iron, of which one end is kept red hot, will 
exhibit a gradual diminution of temj^erature at suc- 
cessive points, proceeding to the other end. The law 
of temperature of the parts of such a bar might be 
expressed by the ordinates of a curm which should 
run alongside the bar. And, in order to trace mathe- 
matically the consequences of the assumed law, some 
of those processes would be necessary, by which mathe- 
maticians are enabled to deal with the properties of 
curves; as the method of infinitesimals, or the dif- 
ferential calculus; and the truth or falsehood of the 
law would be determined, according to the usual rules of 
inductive science, by a cpmparison ^f results so deduced 
from the principle, with the observed phenomena. 

It was easily perceived that this comparison was the 
task which T)hysical inquirers had to perform ; but the 
execution of it was delayed for some time; partly, 
perhaps, because the mathematical process presented 
some difficulties. Even in a case so simple as that above 
mentioned, of a linear bar with a stationary tempera- 
ture at one end, 'partial differentials entered ; for there 
were three variable quantities, the time, as well as the 
place of each point and its temperature. And at first, 
another scruple occurred to M. Biot when, about 1804, 
he undertook this problem.^ ‘ A difficulty,’ says La- 
place, ^ in 1809, ‘presents itself, which has not yet been 
solved. , The quantities of heat received and commu- 
nicated in an instant (by any point of the bar) must 
be infinitely small quantities of the same order as the 

' niot. 'Prailide Phys. iv. p. 669. 

2 Laplace, Mem. Imt.iov 1809, p. 33 ^. 
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excess of the heat of a slice of the body over that of 
the contiguous slice ; therefore the excass of the heat 
received by any slice over the heat communicated, is 
an infinitely small quantity of the second order ; andj 
the accumulation in a finite time (which depends on! 
this excess) cannot be finite.’ I conceive that this 
difficulty arises entirely from an arbitrary and unne- 
cessary assumption concerning the relation of the 
infinitesimal parts of the body. Laplace resolved the 
difficulty by further reasoning, founded upon the same 
assumption which occasioned it; but Fourier, who was 
the most distinguished of the cultivators of this mathe- 
matical doctrine of conduction, follows a course ot 
reasoning in which the difficulty does not present itself 
Indeed it is stated by Laplace, in the Memoir above 
quoted,*^ that Fourier had already obtained the true 
fundamental equations by views of his own. 

The remaining part of the history of the doctrine 
of conduction is principally the history of Fourier’s 
labours. Attention having been drawn to the subject, 
as we have mentioned, the French Institute, in January, 
1810, proposed, as their prize question, ‘To give the 
mathematical theory of the laws of the propagation of 
heat, and to compare this theory with exact observa- 
tions.’ Fourier’s Memoir (the sequel of on^ delivered 
in 1807,) was sent in September, 1811 ; and the prize 
(3000 francs) adjudged to it in 1812. In consequence 
of the political confusion which prevailed in France, 
or of other causes, these important Memoirs were not 
published by the Academy till 1824 ; but extracts had 
been printed in the Bulletin des Sciences in 1808, and 
mt\iQ Annales de Chinm in 18 x 6; and Poisson and 
M. Cauchy had consulted the manuscript itself. 

It is not my purpose to give, in this 2:)lace,'* an 
account of the analytical processes by w.hich Fourier 
obtained his results. The skill displayed in, these 
Memoirs is such as to make^them an object of just 
admiration to mathematicians ; but they consist entirely 

Laplace, Mhn. Inst, for 1809, p. 538. 

4 1 liave given an account of Fourier’s niatliematical rppulta in the 
Jtf ports of the British Association for 18 35. 
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of deductions from the fundamental principle wliicli I 
have noticed, — that the quantity of heat conducted 
from a hotter to a colder point is proportional to the 
I excess of heat, modified by the conductivity, or con- 
iducting power of each substance. The e(]uations wliich 
flow from this principle assume nearly the same forms 
as those which occur in the most general ] 3 roblems of 
hydrodynamics. Besides Fourier’s solution, Laplace, 
Poisson, and M. Cauchy have also excu-cised their great 
analytical skill in the management of these formulie. 
We shall briefly speak of the comparison of the results 
of these reasonings with experiment, and notice some 
other consequences to which they lead. But before 
we can do this, we must pay some attention to the 
subject of radiation. 

Sect 2 . — Introduction of the Doctrine of Radiation, 

A HOT body, as a mass of incandescent iron, emits 
heat, as we j)eiceive by our senses when we aj)proach 
it ; and by this emission of heat the hot body cools 
down. The first step in our systematic knowledge of 
this subject was made in the Rriuciyia. ‘ It W'as in 
the destiny of that great work,’ says Fourier, ‘ to 
exhibit, or at least, to indicate, the causes of the prin- 
cipal phenomena of the univei'se.’ Newton assumed, 
as we have already said, that the rate at which a body 
cools, that is, parts with its heat to surrounding 
bodies, is proportional to its heat; and on this assump- 
tion he rested the verification of his scale of tempera- 
tures. It is an easy deduction from this law, that if 
times of cooling be taken in arithmetical progression, 
the heat will decrease in geometrical ])rogression. 
Kraft, and after him Bichraan, tried to verify this law 
by direct experiments on the cooling of vessels of warm 
watery and from these experimehts, which have since 
been repeated by others, it appears tliat for differences 
of temperature which do not exceed 50 degrees (boiling 
water being 100), this geometrical progression repre- 
sents, with tolerable (but not with complete) accuracy, 
the process of cooling. 
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This principle of- radiation, like that of conduction, 
required to be followed out by mathematical reasoning. 
But it required also to be collected in tlie first place, 
for it was easily seen that the rate of cooling depended, 
iu>t on the absolute temperature of the body, but on 
the excess of its temperature above tlie surrounding 
objects to which it communicated its heat in cooling. 
And philosophers were naturally led to endeavour to 
ex])lain or illustrate this process by some physical 
notions. Lambert in 1755 published*^ an Essay on 
the Fo>'ce of Heat, in which lie assimilates the com- 
munication of heat to the flow of a fluid out of one 
vessel into anotluT by an excess of pressure; and 
mathematically deduces the laws of the ])rocess on this 
ground. But some additional facts suggested a dif- 
ferent view of this subject. It was found that heat 
is propagated by ratUation according to straight lines,^ 
like light; and that it is, as light is, capable of being 
reflected by mirrors, and thus brought to a focus of 
intenser action. In this manner the radiative ettect 
of a body could be more precisely traced. A factj 
however, came Tinder notice, which, at first sight, 
appeared to ofler some difticulty. Jt appeared tliai 
cold was reflected no less than heat. A mass of ice 
when its elftct was concentrated on a thermometer 
by a system of mirrors, made the thermometer fall, 
just as a vessel of hot w^ater ])laccd in a similar situa- 
tion made it rise. Was cohl, then, to be supposed a 
real substance, no less than heat ? 

The solution of this and similar difficulties was given^ 
by Pierre Prevostp p rofessor at Geneva, whose theory 
of radiant heat was ^iroposed about 1790 . According! 
to this theory, heat, or caloric, is constantly radiating 
from every j)oint of the surface of all bodies in straight 
lines; and it radiates the more copiously, the greater 
is the quantity of heat which the body contains. 
Hence a constant exchange o^ heat is going on among 
neighbouring bodies; and a bod]^ grows hotter or 
colder, accordingly as it receives more caloric than it 


AqU Udvet, tom. ii. p. i7i. 
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emits, or the contrary. And thus a body is cooled by 
rectilinear rays from a cold body, because along these 
paths it sends rays of heat in greater abundance than 
those which return the same way. This iJt/iory of 
exchanges is simyde and satisfactory, and was soon 
generally adopted; but we must consider it rather as 
the simplest mode of expressing the. dependence of the 
communication of heat on the excess of teinperatiu’e, 
than as a proposition of which the physical truth is 
clearly establislied. 

A number of curious researches on the efiect of the 
ditferent kinds of surface of the heating and of the 
heated body, were made by Leslie and others. On 
these I shall not dwell ; only observing, that the rela- 
tive amount of this radiative and receptive energy may 
be expressed by numbers, for each kind of surface; 
and that we shall have occasion to speak of it undm* 
the term exterior conductivity ; if is thus distinguished 
from interior conductivity^ which is the relative rate at 
which heat is conducted in the interior of bodies.® 

Sect, 3. — Verification of the Doctrines of Conduction 
atul Radiation. 

The interior and exte rior conductivity of bodies are 
numbers, ^Tclf enter as elements, or coefficients^ into 
the mathematical calculations founded onTheTloctriiies 
of conduction and radiation. These coefficients are to 
be determined for each case by appropriate experi- 
ments: when the experimenters had obtained these 
data, as well as the mathematical solutions of tlie 
problems, they could test the truth of their fundamental 
principles by a comparison of the theoretical and 
actual results in ])roperly-selected cases. This was 
done for the law of conduction in the simple cases of 

The term employed by Fourier, therefore ventured upon a slight 
ccmductibility or conducibilify, sug- alteration of the word, and luive 
gests expressions altogether ab- used the abstract term which 
surd, as if the bodies could be analogy would suggest, if we sup- 
called conductihUt or conducible, pose bodies to be denominated 
with resxject to heat : I have conductive in this respect. 
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metallic bars heated at on e en d, by M. Biot, 7 and the' 
accordance with experiment was sufficiently close. In; 
the more complex cases of conduction which Fourierj 
considered, Jt was less easy to devise a satisfactory;] 
mode of comparison. But some rather curious rela- 
tions which he demonstrated to exist among the tem- 
peratures at different points of an armille^ or ring, 
afforded a good criterion of the value of the calcula- 
tions, and confirmed their correctness.® 

We may therefore presume these doctrines of radia- 
tion and conduction to be sufficiently established ; and 
we may consider their application to any remarkable 
case to be a portion of the history of science. We 
proceed to some such applications. 

Sect 4. — The Geological and Cosmological Applicatiooi 
of TJiermotics, 

By far the most important case to which conclusions 
from these doctrines have been applied, is that of the 
globe of the earth, and of those laws of climate to 
which the modifications of temperature give rise ; and 
in this way we are led to inferences concerning other 
parts of the universe. If we had any means of observ- 
ing these terrestrial and cosmical phenomeiva to a suf- 
ficient extent, they would be valuable facts on which 
we might erect our theories; and they would thus 
form i)art, not of the corollaries, but of the founda- 
tions of our doctrine of heat. In such a case, the 
laws of the propagation of heat, as discovered from 
experiments on smaller bodies, would serve to explain 
these phenomena of the universe, just as the laws 01 
motion explain the celestial movements. But sincei 
we are almost entirely without any definite indica-| 
tions of the condition of the other bodies in thel 
solar system as to heit ; and since, even with regard to! 
the earth, we know only the temperature of the parts! 
at or very near the surface, our knowledge of the part’ 


7 Tr. de Phys. iv. 671. 

8 MSm. Inst. 1819, p. published 18^4* 
VOL. II. C C 
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■which heat plays in the earth and the heavens must 
he in a great measure, not a generalization of observed 
facts, but a deduction f ronr^ theoretic^ p rinciples. 
Still, such knowledge, whether obtained from observa- 
tion or from theory, must possess great interest and 
importance. The doctrines of this kind which we 
have to notice refer principally to the effect of the 
sun’s heat on the earth, — the laws of climate, — the 
thermotical condition of the interior of the earth, — 
and that of the planetary spaces. 

I. Effect of Solar Heat on the Earth . — That the 
sun’s heat passes into the interior of the earth in a 
variable manner, depending upon the succession of 
days and nights, summei-s and winters, is an obvious 
consequence of our first notions on this subject. The 
mode in which it proceeds into the interior, after 
descending below the surface, remained to be gathered, 
either from the phenomena, or from reasoning. Both 
methods were employed.^ Saussiire endeavoured to 
trace its course ^_digging, m 1285, and thus found 
that at the depth of about thirty-one feet, the annual 
variation of temperature is about i-i2th what it is at 
the surface. Leslie adopted a better method, sinking 
the bulbs of thermometers deep in the earth, while 
their steips appeared above the surface. In 1815, 16, 
and 17, he observed thus the temperatures at the 
depths of one, two, four, and eight feet, at Abbots- 
hall, in Fifeshire. The results showed that the 
extreme annual oscillations of the temperature dimi- 
nish as we descend. At the depth of one foot, the 
yearly range of oscillation was twenty-five degrees 
(Fahrenheit) ; at two feet it was twenty degrees ; at 
four feet it was fifteen degrees ; at eight feet, it was 
only nine degrees and a half. And the time at which 
the heat was greatest was l ^ter and later in proceeding 
to the lower points. At one foot, the maximum and 
minimum were three weeks after the solstice of 
summer and of winter ; at two feet, they were four- 
or five weeks ; ai four feet, they were two months ; 


9 Leslie, art. ClimoAe^ Supp. Ewi* Brit. 17P. 
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and at eight feet, three months. The mean tempera- 
ture of all the thermometers was nearly the same. 
Similar results were obtained by Ott at Zurich in 
1762, and by Herrenschneider at Strashurg in 1821, 

2, 3.^^ ' 

These results had already been explained by Fourier’s ' 
theory of conduction. He had shown that when the| 
surface of a sphere is affected by a 2)eriodical heat, 
certain alternations of heat travel uniformly into the 
interior, Ifut that the extent of the alternation 
diminishes in geometrical progression in this descent. 
This conclusion applies to the effect of days and years 
on the temperature of the earth, and shows that such 
facts as those observed by Leslie are both exemplifica- 
tions of the general circumstances of the earth, and are 
perfectly in accordance with the principles on which 
Fourier’s theory rests. 

2. Climate, — The term climate, which means inclinon 
lion, was applied by the ancients to denote that 
inclination of the axis of the terrestrial sphere from 
which result the inequalities of days in different lati- 
tudes. This inequality is obviously connected also 
with a difierence . of thermotical condition. Places 
near the poles are colder, on the whole, than places 
near the equator. It was a natural object of curiosity 
to determine the law of this variation. 

Such a determination, however, involves many diffi- 
culties, and the settlement of several preliminary 
points. How is the temperature of any place to be 
estimated ? and if we reply, by its mean temperature, 
how are we to learn this mean % The answers to such 
questions require very multiplied observations, exact 
instruments, and judicious generalizations ; and cannot 
be given here. But certain first approximations may 
i)e obtained without much difficulty; for ‘instance, the 
mean temperature offany place may be taken to he the 
temperature of deep springs, whjehis probably identical 
with the temperature of the soil below the reach of the 


Pouillet, MUiorol, t. ii, p. 543. 

Mim, Inst, for x 84 t (published i 8 ad), p. i 6 z, 
C C 2 
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annual oscillations. Proceeding on such facts, Mayer 
found that the mean temperature of any place was 
nearly proportional to the square of the cosine of the 
' latitude. This, as a law of phenomena, h^ since been 
found to require considerable correction ; and it appears 
that the mean temperature does not depend on the 
latitude alone, but on the distribution of land and 
water, and on other causes. M. de Humboldt has 
expressed these deviations by his map of isothermal 
lines, and Sir D. Brewster has endeavoured to reduce 
them to a law by assuming two poles of maximum 
cold. 

The expression which Fourier finds for the distri- 
bution of heat in a homogeneous sphere, is not imme- 
diately comparable with Mayer’s empirical formula, 
being obtained on a certain hypotliesis, namely, that 
the equator is kept constantly at a fixed temperature. 
But there is still a general agreement ; for, according 
to the theory, there is a diminution of heat in proceed- 
ing from the equator to the poh^s in such a case ; the 
heat is propagated from the equator and the neighbour- 
ing parts, and radiates out from the poles into the 
surrounding space. And thus, in the case of the earth, 
the solar heat enters in the tropical parts, and con- 
stantly flows towards the polar regions, by which it is 
emitted into the planetary spaces. 

Climate is affected by many tliermotic influences, 
besides the conduction and radiation of the solid mass 
of the earth. The atmosphere, for example, produces 
upon terrestrial temperatures effects which it is easy 
to see are very great; but these it is not yet in the 
power of calculation to appreciate ; and it is clear 
that they depend upon other properties of air besides 
its power to transmit heat. We must therefore 
dismiss them, at least for the present. 

3. Temperature of the Interior of the Earth. — The 
question of the temperature of the interior of the earth 
has excited great interest, in consequence of its bearing 

12 British Assoc. 1 8 3 3. Prof. Forbes’s Re-port on Meteorology y p. a 1 5. 

13 Fourier, Mem. Inst. tom. v. p. i73. Id. tom. vii. p. 584. 
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on other brandies of knowledge. The various facts 
which have been supposed to indicate the fluidity of 
the central parts of the terrestrial globe, belong, in 
general, to geological science ; but so far as they require 
the light of thermotical calculations in order to be 
rightly reasoned upon, they properly come under our 
notice here. 

The principal problem of this kind which has been 
treated of is this: — If in the globe of the earth there 
be a certain original heat, resulting from its earlier 
condition, and independent of the action of the sun, to 
what results will this give rise ? and how far do the 
observed temperatures of points below the surface lead 
us to such a supposition ? ‘ It has, for instance, been 
asserted, that in many parts of the world the tempera- 
ture, as observed in mines and other excavations, 
increases in descending, at the rate of one degree 
(centesimal) in about forty yards. What inference 
does this justify? 

The answer to this question was given by Fourier 
and by Laplace. The former mathematician had already 
considered the problem of the cooling of a large sphere, 
in his Memoirs of 1807, 1809, and 18 ii. These, how- 
ever, lay unpublished in the archives of the Institute 
for many years. But in 1820, when the accumulation, 
of observations which indicated an increase of the 
tempei’ature of the earth as we descend, had drawn 
observation to the subject, Fourier gave, in the Bulletin 
of the Philomath ic Society, a summary of his results, 
as far as they bore on this point. His conclusion was, 
that such an increase of temperature in proceeding 
towards the center of the earth, can arise from nothing 
but the remains of a primitive heat ; — that the heat 
which the sun’s action would communicate, would, in 
its final and permanent state, be uniform in the same 
vertical line, as soon as we get beyond the influence of 
the superficial oscillations of which we have spoken; 
— and that, before the distribution^ of temperature 
reaches this limit, it will decrease, not increase, in 


BulUt. des Sc, 18*0, p. 58 . 
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descending. It appeared also, by the calculation, that 
this remaining existence of the primitive heat in the 
interior parts of the earth’s mass, was quite consistent 
with the absence of all perceptible traces of it at the 
surface; and that the same state of things which 
produces an increase of one degree of heat in descend- 
ing forty yards, does not make the surface a quarter of 
a degree hotter than it would otherwise be. Fourier 
/was led also to some conclusions, though necessarily 
very vague ones, respecting the time which the earth 
must have taken to cool from a supposed original state 
of incandescence to its present condition, which time it 
appeared must have been very great ; and respecting 
the extent of the future cooling of the surface, which 
it was shown must be insensible. Everything tended 
to prove that, within the period which the history of 
the human j*ace embraces, no discoverable change ot 
temperature had taken place from the progress of this 
csentral cooling. Laplace further calculated the effect^® 
^hich any contraction of the globe of the earth by 
booling would produce on the length of the day. He 
had already shown, by astronomical reasoning, that the 
day had not become shorter by i -206th of a second, 
since the time of Hipparchus; and thus his inferences 
agreed with those of Fourier. As far as regards the 
smallness of the perceptible effect due to the past 
changes of the earth’s temperature, there can be no 
doubt that all the curious conclusions just stated are 
deduced in a manner quite satisfactory, from the fact 
of a general increase of heat in descending below the 
surface of the earth; and thus our principles of specu- 
lative science have a bearing upon the history of the 
past changes of the universe, and give us information 
concerning the state of things in portions of time other- 
wise quite out of our reach. 

4. Real of the Planetary Spaces ^ — In the same manner, 
this portion of science is appealed to for information 
concerning parts of space which arejutterly inaccessible 
to observation. The doctrine of heat leads to conclu- 


Com. desJTem, i8z3. 
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sions concerning the temperatures of the spaces which 
surround the earth, and in which the planets of the 
solar system revolve. In his Memoir, published in 
1827,^7 I'ourier states that he conceives it to follow 
from his principles, that these planetary spaces are not 
absolutely cold, but have a ‘ proper heat ’ independent 
of the sun and of the planets. If there were not such 
a heat, the cold of the polar regions would be much 
more intense than it is, and the alternations of cold 
and warmth, arising from the influence of the sun, 
would be far more extreme and sudden than we find 
them. As the cause of this heat in the planetary 
spaces, he assigns the radiation of the innumerable 
stars which are scattered through the universe. 

Fourier says,^^ ^We conclude from these various 
remarks, and principally from the mathematical exa- 
mination of the question,’ that this is so. I am not 
aware that the mathematical calculation .which bears 
peculiarly upon this point has anywhere been pub- 
lished. But it is worth notice, that Svanberg has been 
led^^ to the opinion of the same temperature in these 
sj)aces which Fourier had adopted (50 centigrade below 
zero), by an entirely diflerent course of reasoning, 
founded on the relation of the atmosphere to heat. 

In speaking of this subject, I .have been led to 
notice incomplete and perhaps doubtful applications of 
the mathematical doctrine of conduction and radia- 
tion. But these may at least serve to show that Ther- 
motics is a science, which, like Mechanics, is to be 
established by experiments on masses capable of mani- 
pulation, but which, like that, has for its most im- 
portant office the solution of geological and cosmological 
problems. I now return to the further progress of 
our thermotical knowledge. 

. Seei, 5. — Correction of Newton's Law of Cooling* 

In speaking of the establishment of Newton’s assump- 
tion, that the temperature communicated is propor- 

*7 M4m. Inst. tom. vil.p. 58o. Ib. p. 58 1. 

Berzel. Jahres B&richi^ xi. p. 5o. 
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tional to the excess of temperature, we stated that 
it was approximately verified, and afterwards corrected, 
"(chap, i., sect, i.) This correction was the result of the 
“researches of MM. Dulong^ a nd Petit in and the 
researches by which they were led to the true law, are 
an admirable example both of laborious experiment 
and sagacious induction. They experimented through 
a very great range of temperature, (as high as two 
hundred and forty degrees, centigrade,) which was 
necessary because the inaccuracy of Newton’s law 
becomes considerable only at high temperatures. They 
removed the effect of the surrounding medium, by 
making their experiments in a vacuum. They selected 
with great judgment the conditions of their experi- 
ments and comparisons, making one quantity vary 
while the others remained constant. In this manner 
khey found, that the quickness of cooling for a constant 
excess of tenvperaiure, increases in geometrical progress 
sion, when the temperature of the surrounding space 
increases in arithmetical progression ; whereas, accord- 
ing to the Newtonian law, this quickness would not 
have varied at all. Again, this variation being left 
out of the account, it appeared that the quickness of 
cooling, so far as it depends on the excess of tempera- 
twre of the hot body, increases as the terms of a geome- 
trical progression diminished by a constant number, when 
the temperature of the hot body increases in arithmetical 
progression. These two laws, with the coefiicients 
requisite for their application to particular substances, 
fully determine the conditions of cooling in a vacuum. 

Starting from this determination, MM. Dulong and 
Petit proceeded to ascertain the effect of the medium, 
in which the hot body is placed, upon its rate of cool- 
ing; for this effect became a residual phenomenon, 
when the cooling in the vacuum was taken away. We 
shall not here follow this train of research; but we 
may briefly state, that they were led to such laws 
as this; — that the rapidity of cooling due to any 
gaseous medium iff which the body is placed, is the 


20 See Phil Sciences, B. xiii. e. 7 . Sect. iy. 



CONDUCTION AND RADIATION. 


393 


same, so long as the excess of the body’s temperature 
is the same, although the temperature itself vary; — 
that the cooling power of a gas varies with the 
elasticity, according to a determined law; and other 
similar rules. 

In reference to the process of their induction, it is 
worthy of notice, that they founded their reasonings 
upon. Pre vest’s law of exchanges; and that, in this 
way, the second of their laws above stated, respecting 
the quickness of cooling, was a mathematical conse- 
quence of the first. It may be observed also, that 
their temperatures are measured by means of the air- 
thermometer, and that if they were estimated on 
another scale, the remarkable simplicity and symmetry 
of their results would disappear. This is a strong 
argument for believing such a measure of temperature 
to have a natural prerogative of simplicity. This 
belief is confirmed by other considerations ; but these, 
depending on the laws of expansion by heat, cannot 
be here referred to ; and we must proceed to finish our 
survey of the mathematical theory of heat, as founded 
on the phenomena of radiation and conduction, which 
alone have as yet been traced up to general principles. 

We may obseiwe, before we quit this subject, that 
this correction of Newton’s law will materially affect: 
the mathematical calculations on the su15ject, which 
were made to depend on that law both by Fourier, > 
Laplace, and Poisson. Probably, however, the general 
features of the results will be the same as on the old 
supposition. M. Libri, an Italian mathematician, has 
undertaken one of the problems of this kind, that of 
the armil, with Dulong and Petit’s law for his basis, 
in a Memoir read to the Institute of France in 1825 , 
and since published at Florenoe.^^ 

Sect, 6 . — Other Laws of Phenomena with respect to 

Radiation, 

• 

The laws of radiation as dependir^g upon the surface 
of radiating bodies, and as affecting screens of various 


Mimi de Math, et do Phys. i849. 
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kinds interposed between the hot body and the ther- 
mometer, were examined by several inquirers. I shall 
not attempt to give an account of the latter course of 
research, and of the different laws which luminous and 
non-luminous heat have been found to follow in refe- 
rence to bodies, whether transparent or opaque, which 
intercept them. But there are two or three laws 
of the phenomena, depending upon the effects of the 
surfaces of bodies, which are important. 

1. In the first place, the powers of bodies to emit 
and to absorb heat, as far as depends upon their surface, 
appear to be in the same proportion. If we blacken 
the surface of a canister of hot water, it radiates heat 
more copiously; and in the same measui*e, it is more 
readily heated by radiation. 

2. In the next place, as the radiative power in- 
creases, the power of reflection diminishes, and the 
contrary. A bright metal vessel reflects much heat ; 
on this very account it does not emit much; and hence 
a hot fluid which such a vessel contains, remains hot 
longer than it does in an unpolished case. 

3. The heat is emitted from every point of the sur- 
face of a hot body in all directions; but by no means 
in all directions with equal intensity. The intensity 
of the heating ray m^as the sine of the angle which it 
makes with 'the surface. 

The last law is entirely, the two former in a great 
measure, due to the r esea rches of Lesli e, whose Experi- 
mental Inquiry into the Waiure and Frbpagation of 
Heat^ published in 1804, contains a great number of 
curious and striking results and speculations. The 
laws now just stated bear, in a very important manner, 
upon the formation of the theory ; and we must now 
proceed to consider what appears to have been done 
in this respect ; taking into account, it must still be 
borne in mind, only the phenomena of conduction and 
radiation. 
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Sect, 7 . — Fourier^ 8 Theory of Radiant Heat. 

The above laws of phenomena being established, it 
was natural that philosophers should seek to acquire 
some conception of the physical action by which they 
might account, both for these laws, and for the general 
fundamental facts of Thermotics ; as, for instance, the 
fact that all bodies placed in an inclosed space assume, 
in time, the temperature of the inclosure. Fourier’s 
explanation of this class of phenomena must be con- 
sidered as happy and successM ; for he has shown that 
the supposition to which we are led by the most simple 
and general of the facts, will explain, moreover, the 
less obvious laws. It is an obvious and general fact, 
that bodies which are included in* the space tend to 
acquire the same temperature. And this identity of 
temperature of neighbouring bodies requires an hypo- 
thesis, which, it is found, also accounts for Leslie’s law 
of the sine, in radiation. 

This hypothesis is, that the radiation takes place, 
not from the surface alone of the hot body, but from 
all particles situated within a certain small depth of 
the surface. It is easy to see^^ that, on this supposition, 
a ray emitted obliquely from an internal particle, will 
be less intense than one sent forth perpendicular to the 
surface, because the former will be intercepted in a 
greater degree, having a greater length of path within 
the body; and Fourier shows, that whatever be the law 
of this intercepting power, the result will be, that the 
radiative intensity is as the sine of the angle made by 
the ray with the surface. 

But this law is, as I have said, likewise necessary, 
in order that neighbouring bodies may tend to assume 
the same temperature : for instance, in order that a 
small particle placed within a spherical shell, should 
finally assume the ‘temperature of the shell. Jf the law j 
of the sines did not obtain, the final temperature ofl 
such a particle would depend upon its place in thel 
inclosure and within a shell of ice we should have/ 


22 Mim, Inst. t. v. 1841, p. 204. 
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at certain points, the temperature of boiling water and 
of melting iron. 

This proposition may at first appear strange and 
unlikely; but it may be shown to be a necessary 
consequence of the assumed principle, by very simple 
reasoning, which I shall give in a general form in a 
Note.24 

This reasoning is capable of being presented in a 
manner quite satisfactory, by the use of mathematical 
symbols, and proves that Leslie’s law of the sines is 
rigorously and mathematically time on Fourier’s hypo- 
thesis. And thus Fourier’s theory of molec ul ar extra- 
radiation acquires great consistency. 

BecL 8 . — Discovery of tJie Dolarization of Ileal, 

The laws of which the discovery is stated in the pre- 
ceding Sections of this Chapter, and the explanations 
given of them by the theories of conduction and radia- 

2^ The following reasoning may tity transferred must be propor- 
show the connexion of the law of tional to tlie sines of the two 
the sines in radiant heat with the obliquities ; that is, to that of the 
general principle of ultimate iden- giving as well as of the receiving 
tity of neighbouring temperatures, surface. 

The equilibrium and identity of Nor is this conclusion disturbed 
temperature between an including by the consideration, that all the 
shell and an included body, can- rays of heat which fair upon a 
not obtain upon the whole, except surface arc not absorbed, some 
it obtain between each pair of being reflected according to the 
parts of the two surfaces of the nature of the surface. For, by 
body and of the shell; that is, any the other above-mentioned laws of 
part of the one surface, in its phenomena, we know that, in the 
exchanges with any part of the same measure in which the surface 
other surface, must give and re- loses the power of admitting, it 
ceive the same quantity of heat, loses the power of emitting, heat ; 
Now the quantity exchanged, so and the Buphrficial parts gain, by 
far as it depends on the receiving absorbing their own radiation, as 
surface, will, by geometry , be pro-' much as they lose by not absorbing 
portional to the sine qf the the incident heat; so that the 
obliquity of that surface : and as, result of the preceding reasoning 
in the exchanges, each may be remains unaltered, 
considered as receiving, the quan- 
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tion, all tended to make the conception of a material 
heat, or caloric, communicated by an actual flow and 
emission, familiar to men’s minds ; and, till lately, had 
led the greater part of thermotical philosophers to 
entertain such a view, as the most probable opinion 
concerning the nature of heat. But some steps have 
recently been made in thermotics, which appear to be 
likely to overturn this belief, and to make the doctrine 
of emission as untenable with regard to heat, as it had 
before been found to be with regard to light. I speak 
of the discovery of the polarization of heat . It being 
ascertained that rays of heat are polarized in the same 
manner as rays of light, we cannot retain the doctrine 
that heat radiates by the emanation of material particles,! 
without supposing those particles of caloric to have 
poles; an hypothesis which probably no one would 
embrace; for, besides that the ill fortune which attended 
that hypothesis in the case of light must deter specu- 
lators from it, the intimate connexion of heat and 
light would hardly allow us to suppose polarization in 
the two cases to be produced by two different kinds of 
machinery. 

But, without here tracing further the influence which 
the polarization of heat must exercise upon the forma- 
tion of our theories of heat, we must briefly notice 
this important discovery, as a law of phenomena. 

The analogies and connexions between light and heat 
are so strong, that when the polarization of light had 
been discovered, men were naturally led to endeavour 
to ascertain whether heat possessed any corresponding 
property. But partly from the difficulty of obtaining 
any considerable effect of heat separated from light, 
and partly from the want of a thermometrical appa- 
ratus sufficiently delicate, these attempts led, for some 
time, to no decisive result. M. Berard took up the 
subject in 1813. ile used Malus’s apparatus, and con- 
ceived that he found heat to be polarized by reflec- 
tion at the surface of glass, in the same manner asl 
light, and with the same circumsf)knces .25 But when' 


^ Ann. Chim. March, 181 3* 
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Professor Powell, of Oxford, a few years later (1830), 
repeated these experiments with a similar apparatus, 
he found^o that though the heat which is conveyed 
along with light is, of course, polarizable, ‘simple 
radiant heat,’ as he terms it, did not offer the smallest 
difference in the two rectangular azimuths of the second 
glass, and thus showed no trace of polarization. 

Thus, with the old thermometers, the point remained 
doubtful. But soon after this time, MM. Melloni and 
Nobili invented an apparatus, depending on certain 
galvanic laws, of which we shall have to speak here- 
after, which they called a tliermomultiplier; and which 
was much more sensitive to changes of temperature 
than any previously-known instrument. Yet even 
with this instrument, M. Melloni failed ; and did not, 
at first, detect any perceptible polarization of heat by 
the tourmaline nor did M. Nobili,-^ in repeating 

M. Berard’s experiment. But in this experiment the 
attempt was made to polarize heat by reflection from 
glass, as light is polarized : and the quantity reflected 
is so small that the inevitable errours might completely 
disguise the whole difference in the two opposite posi- 
itions. When Prof. Forbes , of Edinburgh, ( in 
employed mica in the like experiments, he found a very 
'decided polarizing effect; first, when the heat was 
jtransmitted through several films of mica at a certain 
angle, and afterwards, when it was reflected from them. 
‘In this case, he found that with nonduminous heat, 
and even with the heat of water below the boiling 
point, the difference of the heating power in the two 
positions of opposite polarity (parallel and crossed) was 
manifest. He also detected by careful experiments,^^ 
the polarizing effect of tourmaline. This important 
discovery was soon c qnfirmed b y M . Melloni. Doubts 
were suggested whether the different effect in the 
opposite^ positions might not be dvee to other circum- 

26 Edin. Joum, of Science, iSSo, vol. ii. p. 303. 

27 Ann» de Chimie, toI, It. 23 Bibliothbque UnivmeUe. 

2 » Ed. R. 8. Transactions, vol. xiv.; and Phil. Mag. I 83 S, vol. v. 
p. 209. lb. vol. vii. p. 349. 
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stances; but Professor Forbes easily showed that these 
suppositions were inadmissible ; and the property of a 
difference of ^Ides, which at first seemed so strange 
when ascribed to the rays of light, also belongs, it 
seems to be proved, to the rays of heat. Professor 
Forbes ala oLfouiid, by interposing a plate of mica to 
intercept the ray of heat in an intermediate point, 
an effect was produced in certain positions of the mica 
analogous to what was called depolarization^ in the 
case of light; namely, a partial destruction of the 
differences which polarization establishes. 

Before this discovery, M. Melloni had already 
proved by experiment that heat is refracted by trans- 
parent substances as light is. In the case of light,! 
the depolarizing effect was afterwards found to be 
really, as we have seen, a dipolarizing effect, the ray 
being divided into two rays by double refraction. We 
are naturally much tempted to put the same inter- 
pretation upon the depolarizing effect in the case of 
heat; but perhaps the assertion of the analogy between 
light and heat to this extent is as yet insecure. 

It is the more necessary to be cautious in our 
attempt to identify the laws of light and heat, inas- 
much as along with all the resemblances of the two 
agents, there are very important differences. The 
power of transmitting light, tlie diaphaneity of bodies, 
is very distinct from their power of transmitting heat, 
which has been called diathermancy by M. Melloni. 
Thus both a plate of alum and a plate of rock-salt 
transmit nearly the whole light ; -but while the first 
stops nearly the whole heat, the second stops very 
little of it; and a plate of opake quartz, nearly 
impenetrable by light, allows a large portion of the 
heat to pass. By passing the rays through various 
media, the heat may be, as it were, sifted from the 
light which accomifanies it. 

[2nd Ed.] [The diathermancy of bodies is distinct 
from their diaphaneity, in so far t^jat the same bodies 
do not exercise the same powers of selection and sup- 
pression of certain rays op heat and on light; but it 
appears to be proved by the investigations of modern 
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tliermotical philosophers (MM. De la Roche, Powell, 
Melloni, and Forbes), that there is a close analogy 
between the absorption of certain colours by trans- 
parent bodies, and the absorption of certain kinds of 
heat by diathennaiious bodies. Dark sources of heat 
emit rays which are analogous to blue and violet rays 
of light ; and highly luminous sources emit rays which ' 
are analogous to red rays. And by measuring the angle 
of total reflection for heat of different kinds, it has 
been shown that the former kind of calorific rays are 
really less refrangible than the latter. 

M. Melloni has assumed this analogy as so com- 
pletely established, that he has proposed for this part 
of thermotics the name Thermochroology (Qu. Chromo^ 
tJher7notic8 ; and along with this term, many others 
derived from the Greek, and founded on the same 
analogy. If it should appear, in the work which he 
proposes to publish on this subject, that the doctrines 
which he has to state cannot easily be made intelli- 
gible without the use of the terms which he suggests, 
his nomenclature will obtain currency ; but so large a 
mass of etymological innovations is in general to be 
avoided in scientific works. 

M. Melloni’s discovery of the extraordinary power 
of rock-salt: to transmit heat, and Professor Forbes’s 
discovery of the extraordinary power of mica to 
polarize and depolarize heat, have supplied thermotical 
inquirers with two new and most valuable instru- 
ments.^^] 

Moreover, besides the laws of conduction and radia- 
tion, many other laws of the phenomena of heat have 
been discovered by philosophers; and these must be 
taken into account in judging any theory of heat. To 
these other laws we must now turn our attention, 

30 Seek Prof. Forbes’s Third ticed here, see two Eeports by 

Series of Researches on Heat, Edinb. Prof. Powell on the present state 
R.S. Trans, vol. xiv. of our knowledge respecting Badi- 

31 For an account 'of many ant Heat, in the Reports of the 
thermotical researches, which I British Association for i834 and 
have been obliged to pass unno- *i84o. 
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The Laws of Changes occasioned by Heat. 


Sect I. — Expansion hy Heat — The Law of Dalton 
and Gay-L'tjbssac for Gases, 

A lmost all bodies expand by heat; solids, as 
metals, in a small degree; fluids, as water, oil, 
alcohol, mercury, in a greater degree. This was one 
of the facts first examined by those who studied the 
nature of heat, because this property was used for the 
measure of heat. In the Philosophy of the Inductive 
Sciences^ Book iv., Chap, iv., I have stated that 
secondary qualities, such as Heat, must be measured 
by their efiects : and in Sect. 4 of that Chapter I have 
given an account of the successive attempts which 
have been made to obtain measures of heat. I have 
there also spoken of the results which were obtained 
by comparing the rate at which the expansion of diffe- 
rent substances went on, under the same degrees of 
heat ; or as it was called, the different theriponietrical 
march of each substance. Mercury appears to be the 
liquid which is most uniform in its thermometrical 
march; and it has been taken as the most common 
material of our thermometers ; but the expansion of 
mercury is not proportional to the heat. De Luc was 
led, by his experiments, to conclude ‘ that the dilata- 
tions of mercury follow an accelerated march for equal 
augmentations of heat.* Dalton conjectured that water 
and mercury both expand as the square of the real 
temperature from the point of greatest, contraction: 
the real temperature ‘being measured so as to lead to 
such a result. But none of the rules thus laid down 
for the expansion of solids and fluids appeat to have 
led, as yet, to any certain general laws. 

With regard to gases, thermotical inquirers have 
been more successful, Gases expand by heat^ and 
VOL. II. D D 
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their expansion is governed hy a law which applies 
alike to all degrees of heat, and to all gaseous fluids. 
The law is this : that for equal increments of tempera- 
ture they expand hy the same fraction of their own 
hulk; which fraction is three-eighths in proceeding 
from freezing to boiling water. This law was dis- 
covered by Daltoi^and M. independently 

of each othefT^nd is usually called by both their 
names, the law of Dalton and Gay-Lussac. The latter 
says, 2 ‘ The experiments which I have described, and 
which have been made with great care, prove incon- 
testably that oxygen, hydrogen, azotic acid, nitrous acid, 
ammoniacal acid, muriatic acid, sulphurous acid, car- 
bonic acid, gases, expand equally by equal increments of 
heat.’ ‘ Therefore,’ he adds with a proper inductive 
generalization, ‘ the result does not depend upon pliy- 
sical properties, and I collect that all gases expand 
equally hy heat' He then extends this to vapours, 
as ether. This must be one of the most important 
foundation-stones of any sound theory of heat. 

[2nd Ed.] [Yet MM. Magnus and Kegnault conceive 
that they have overthrown this law of Dalton and 
Gay-Lussac, and shown that the different gases do not 
expand alike for the same increment of heat. Magnus 
found thq ratio to be for atmosjdieric air, 1*366; for 
hydrogen, 1*365; for carbonic acid, 1*369; for sul- 
phurous-acid gas, 1*385. But these differences are 
not greater than the differences obtained for the same 
substance by difierent observers ; and as this law is 
referred to in Laplace’s hypothesis, hereafter to be 
discussed, I do not treat the law as disproved. 

Yet that the rate of expansion of gas in certain cir- 
Icumstances is different for different substances, must be 
deemed very probable, after Dr. Earaday ^s recent inves- 
tigations On the Liquefaction anffSolidi^ation of Bodies 
generally existing as Gases, ^ by >Vhich it ajjpears that 
the elasticity of vapours in contact with tJwir fluids in- 
creases at different rates in different substances. ‘That 


1 Manch. Mem. vol. t. iSoa; and Ann. Chim xliii. p. 137. 

* Ib. p. 3 PhU. Tram, 1845, Pt. i. 
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tlie force,’ he says, * of vapour increases in a geometrical 
ratio for equal increments of heat is true for all bodies, 
but the ratio is not the same for all. . . . For an in- 
crease of pressure from two to six atmospheres, the 
following number of degrees require to be added to 
the bodies named : — water 69°, sulphureous acid 63°, 
cyanogen 6 4° *5, ammonia 60°, arseniuretted hydrogen 
54°, sulphuretted hydrogen 56° *5, muriatic acid 43°, 
carbonic acid 32°’5, nitrous oxide 30°.’] 

We have already seen that the opinion that the 
air -thermometer is a true measure of heat, is strongly 
countenanced by the symmetry which, by using it, we 
introduce into the laws of radiation. If we accept 
the law of Dalton and Gay-Lussac, it follows that 
this result is independent of any peculiar properties 
in the air employed; and thus this measure has 
an additional character of generality and simplicity 
which make it still more probable that it is the 
true standard. This opinion is further supported by 
the attempts to include such facts in a theory; but 
before we can treat of such theories, we must s])eak of 
some other doctrines which have been introduced. 

Sect. 2 . — Specific Heat. — Change of Consistence, 

In the attempts to obtain measures of heat, it was 
found that bodies had different ca pacities for heat : 
for the same quantity of heat, however measured, 
would raise, in different degrees, the temperature of 
different substances. The notion of different capa- 
cities for heat was thus introduced, and each body was 
thus assumed to have a specific capacity for heaty 
according to the quantity of heat which it required 
to raise it through a given scale of heat.^ The term 
‘ capacity for heat’ was introduced by Dr. Irvine, a 
pupil of Dr. Black. For this term, ' V^ilcke . the Swedish 
physicist, substituted ‘ specific heat ;’ in analogy with 
‘ specific gravity.’ . 

It was found, also, that the capa'bity of the same 


4 See Crawfurd, On HeaU for the History of Specific Heat* 
D D 2 
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substance was different in the same substance at diffe- 
rent temperatures. It appears from experiments of 
MM. Du long and Petit, that, in general, the capacity 
of liquids and solids increases as we ascend in the scale 
of temperature. 

But one of the most important thermotic facts is, 
that by the sudden contraction of any mass, its tempe- 
rature is increased. This is peculiarly observable in 
gases, as, for example, common air. The amount of 
the increase of temperature by sudden condensation, or 
of the cold produced by sudden rarefaction, is an im- 
portant datum, determining the velocity of sound, as 
we have already seen, and affecting many points of 
meteorology. The coefficient which enters the calcu- 
: lation in the former case depends on the ratio of two 
specific heats of air under different conditions; one 
belonging to it when, varying in density, the pressure is 
constant by which the air is contained ; the other, when, 
varying in density, it is contained in a constant space. 

A leading fact, also, with regard to the operation of 
heat on bodies is, that it changes their form, as it is 
often called, that is, their condition as solid, liquid, or 
air. Since the term ‘form’ is employed in too many 
and various senses to be immediately understood when 
it is intei]ded to convey this peculiar meaning, I shall 
use, instead of it, the term consistence^ and shall hope 
to be excused, even when I apply this word to gases, 
though I must acknowledge such phraseology to be 
unusual. Thus there is a change of consistence when 
solids become liquid, or liquids gaseous ; and the laws 
of such changes must be fundamental facts of our ther- 
motical theories. We are still in the dark as to many 
of the laws which belong to this change ; but one of 
them, of great importance, has been discovered, and to 
that we must now proceed. 

Sect 3 . — The doctrine of Latent Heat, 

The Doctrine of ‘Latent Heat refers to such changes of 
consistence as we have just spoken of. It is to this 
effect; that during the conversion of solids into 
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liquids, or of liquids into vapours, there is communi- 
cated to the body heat which is not indicated by the 
thermometer. The heat is absorbed, or becomes latent; 
and, on the other hand, on the condensation of the 
vapour to a liquid, or the liquid to a solid consistency, 
this heat is again given out and becomes sensible. 
Thus a pound of ice requires twenty times as long a 
time, in a warm room, to raise its temperature seven 
degrees, as a pound of ice-cold water does. A kettle 
placed on a fire, in four minutes had its temperature 
raised to the boiling point, 212°: and this temperature 
continued stationary for twenty minutes, when the 
whole was bdiled away. Dr. Black inferred from 
these facts that a large quantity of heat is absorbed by 
the ice in becoming water, and by the water in be- 
coming steam. He reckoned from the above experi-^ 
ments, that ice, in melting, absorbs as much heat as 
would raise ice-cold water through 140° of tempe- 
rature: and that water, in evaporating, absorbs as 
much heat as would raise it through 940°. 

That snow requires a great quantity of heat to 
melt it ; that water requires a great quantity of heat 
to convert it into steam; and that this heat is not 
indicated by a rise in the thermometer, are facts which 
it is not difficult to obseiwe; but to separate these 
from all extraneous conditions, to group the cases 
together, and to seize upon the general law by which 
they are connected, was an effort of inductive insight, 
which has been considered, and deservedly, as one of 
the most striking events in the modem history of 
physics. Of this step the principal merit appears 
to belong to Bl ack. 

[2nd Ed.] [Lithe first edition I had mentioned the 
names of De Luc and of Wilcke, in connexion with the 
discovery of Latent Heat, along with ihe name of 
Black. De Lu(p had observed, in 1755, that ice, in 
melting, diA. not rise above the freezing-point of tem- 
perature till the whole was melted. , De Luc has been 
charged with plagiarizing Black’s discovery, but, I 
think, without any just ground. In his Idees sur la 
Meteorologique, (1787,) he spoke of Dr. Black as ‘the 
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first wlio had attempted the determinations of the 
quantities of latent heat.’ And when Mr. Watt 
pointed out to him that from tliis expression it might 
he supposed that Black had not discovered the fact 
itself, he acquiesced, and redressed the equivocal ex- 
pression in an Appendix to the volume.® 

Black never published his own account of the doc- 
trine of Latent Heat ; but he delivered it every year 
after 1760 in his Lectures. In 1770, a surreptitious 
publication of his Lectures was made by a London 
bookseller, and this gave a view of the leading points 
of Dr. Black’s doctrine. In 1772, Wilcke, of Stock- 
holm, read a paper to the Royal Society of that city, in 
which the absorption of heat by melting ice is de- 
scribed : and in the same year, De Luc, of Geneva, 
published his Recherclies sur hs Modifications de VAU 
onosp]i£re^ which has been alleged to contain the 
“doctrine of latent heat, and which the author asserts to 
have been written in ignorance of what Black had 
done. At a later period, De Luc, adopting, in part. 
Black’s expression, gave the name of latent fire to the 
heat absorbed.^ 

It appears that Cavendish determined the amount 
of heat produced by condensing steam, and by thawing 
snow, as early as 1765. He had perhaps already heard 
something of Black’s investigations, but did not accept 
his term ‘ latent heat.’ 7 ] 

The consequences of Black’s principle are very im- 
portant, for upon it is founded the whole doctrine of 
evaporation ; besides which, the principle of latent heat 
has other applications. But the relations of aqueous 
vapour to air are so important, and have been so long 
a siibject of speculation, that we may with advantage 
dwell a little upon them. The part of science in which 
this is done may be called, as we tiave said, Atmology ; 
and to that division of Thermotics the following 
chapters belong. 

* See his Letter to the Editors 7 See Mr. V. ITarcourt’s Address 
pf the Ediiiburgh Bevieu)tl^o,Kii. to the Brit. Assoc, in 18 39, and 

502, of the Review, the Appendix, 

® See Ed. Rev. No, vi. p. 20. * 
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CHAPTEE IIL 

The Eelation of Vapour and Air. 


Sect. I. — The Boylean Law of the Air's Elasticity, 

I N the Sixth Book (Chap. iv. Sect, i) we have already 
seen how the conception on the laws of fluid equi- 
librium were, by Pascal and others, extended to air, as 
well as water. But though air presses and is pressed 
as water presses and is pressed, pressure produces upon 
air an effect which iib does not, in any obvious degree, 
produce upon water. Air which is pressed, is also co'iri- 
'pressed^ or made to occupy a smaller space ; and is con- 
sequently also made more dense, or condensed; and on 
the other hand, when the pressure upon a portion of air 
is diminished, the air expands or is rarefied. These 
broad facts are evident. They are expressec^in a general 
way by saying that air is an elastic fluid, yielding iii a 
certain degree to pressure, and recovering its previous 
dimensions when the pressure is removed. 

But when men had reached this point, the ques- 
tions obviously offered themselves, in what degree and 
according to what law air yields to pressure ; when it 
is compressed, what relation does the density bear to 
the pressure? The use which had been made of tubes 
containing columns of mercury, by which the pressure 
or portions of air was varied and measured, suggested) 
obvious modes of Revising experiments by which this 
question might be answered. • Such experiments accord- 
ingly were made by Boyle about i.6f;o ; and the resull 
at which he arrived was, that wh^n air is thus com- 
pressed, the density is as the pressure. Thus if the 
pressure of the atmosphere in its common state be 
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equivalent to 30 inches of mercury, as shown by the 
barometer; if air included in a tube be pressed by 
30 additional inches of mercury, its density will be 
doubled, the air being compressed into one half the 
space. If the pressure be increased threefold, the 
density is also trebled ; and so on. The same law was 
soon afterwards (in 1676) proved experimentally by 
Mariotte. And this law of the air’s elasticity, that 
the density is as the pressure, is sometimes called the 
Boylean LaWy and sometimes the Law of Boyle and 
Mariotte. 

Air retains its aerial character permanently; but 
there are other aerial substances which appear as such, 
and then disapj^ear or change into some other con- 
dition. Such are termed vapours. And the discovery 
of their true relation to air was the result of a long 
course of researches and speculations. 

[2nd Ed.] [It was found by M. Cagniard de la 
(in 182^). that at a certain t'emperature7a liquid, 
under sufficient pressure, becomes clear transparent 
vapour or gas, having the same bulk as the liquid. 
This condition Dr. Faraday calls the Cagniard de la 
Tour state, (the Tourian state?) It was also discovered 
by Dr. Faraday that carbonic-acid gas, and many 
other gases, which were long conceived to be perma- 
nently elastic, are really reducible to a liquid state 
by pressure.^ And in 1835, M. Thilorier found the 
means of reducing liquid carbonic acid to a solid form, 
by means of the cold produced in evaporation. More 
recently Dr. Faraday has added several substances 
usually gaseous to the list of those which could pre- 
viously be shown in the liquid state, and has reduced 
others, including ammonia, nitrous oxide, and sul- 
phuretted hydrogen, to a solid consistency.* After 
these discoveries, we may, I think, reasonably doubt 
whether, all bodies are not capable of existing in the 
three consistencies of soli^, liquid, and air. 

We may note that the law of Boyle and Mariotte 


I Phil. Tratns. i8a3. 
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is not exactly true near the limi t at which the air 
passes to the liquid state in such cases as that just 
spoken of. The diminution of bulk is then more r^id 
than the increase of pressure. • 

The transition of fluids from a liquid to an airy con- 
sistence appears to be accompanied by other curious 
phenomena. See Prof Forbes’s papers on the Colour of 
Steain U7ider certain circumstances, and on the Colours 
of the Atmosphere, in the Edin Trans, vol. xiv.] 

Sect 2 . — Prelude to Dalton! s Doctrine of Evaporation. 

Visible clouds, smoke, distillation, gave the notion cJ 
Vapour; vapour was at first conceived to be identical 
with air, as by Bacon.^ It was easily collected, that by 
heat, water might be converted into vapour. It was 
thought that air was thus produced, in the instrument 
called the ceolipile, in which a powerful blast is caused 
by a boiling fluid; but Wolf showed that the fluid was 
not converted into air, by using camphorated spirit of 
wine, and condensing the vapour after it* had been 
formed. We need not enumemte the doctrines (if very 
vague hypotheses may be so termed,) of Descartes, 
Dechales, Borelli.^ The latter accounted for the rising 
of vapour by supposing it a mixture of fire.and water; 
and thus, fire being much lighter than air, the mixture 
also was light. Boyle endeavoured to show that 
vapours do not permanently float in vacuo. He com- 
pared the mixture of vapour with air to that of salt 
with water. He found that the pressure of the atmo- 
sphere affected the heat of boiling water; a very im- 
portant fact. Boyle proved this by means of the air- 
pump; and he and his friends were much surprized to 
find that when air was removed, water only just warm 
boiled violently. Huyghens mentions* an experiment 
of the same kind made by Papin about 1673. • 

The ascent of vapou r was explained in various ways 
in succ^ion, according to the changes which physical 


8 Bacon’s Hist. Nat. Cent. i. p. zl. 

^ They may be seen in Fischer, Geschichte der Fhysikt vol. ii. p. i75. 
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science underwent. It was a problem distinctly treated 
of, at a period when hydrostatics had accounted for 
many phenomena ; and attempts were naturally made 
to reduce this fact to hyflrostatical principles. An ob- 
vious hypothesis, which brought it under the domi- 
nion of these principles, was, to suppose that the water, 
when converted into vapour, was divided into small 
hollow globules ; — thin pellicles including air or heat. 
Halley gave such an explanation of evaporation ; Leib- 
nitz c alculated the dimensions of these little bubbS; 
Derham managed (as he supposed) to examine them 
with a magnifying glass; Wolf also examined and 
Calculated on the same subject. It is curious to see 
so much confidence in so lame a theory; for if water 
became hollow globules in order to rise as vapour, 
we require, in order to explain the formation of 
these globules, new laws of nature, which are not 
even hinted at by the supporters of the doctrine, 
though they must be far more complex than the 
hydrostatical law by which a hollow sphere floats. 

Newton’s opinion was hardly more satisfactory; he^ 
explained evaporation by the repul sive power-oi-iieaL; 
the parts of vapours, according to him, being small, are 
easily afiected by this force, and thus become lighter 
than the atmosphere. 

Muschenbroek still adhered to the theory of glo- 
bules, as the explanation of evaporation ; but he was 
^manifestly discontented with it ; and reasonably ap- 
prehended that the pressure of the air would destroy 
the frail texture of these bubbles. He called to bis 
aid a rotation of the globules; (which Descartes also 
had assumed ;) and, not satisfied with this, threw him- 
self on electrical action as a reserve. Electricity, 
indeed, was now in favour, as hydrostatics had been 
before; and was naturally called in, in all cases of 
difficulty. Desaguliers, also, uses ttis agent to account 
for the ascent of vapour^ introducing it into a kind of 
sexual system of (jlouds ; according to him, the male 
fire (heat) does a part, and the female fire (electricity) 
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performs the rest. These are speculations of small 
merit and no value. 

In the mean time, Chemistry made great progress 
in the estimation of philosophers, and had its turn in 
the explanation of the important facts of evaporation. 
BouiUet. who, in i y 4 2 , placed the particles of water in 
the interstices of those of air, may be considered as 
approaching to the chemical theory. I n 174.3, the' 
Academy of Sciences of Bourdeaux proposed the ascent ^ 
of vapours as the subject of a prize; which wasi 
adjudged in a manner very impartial as to the choice 
of a theory ; for it was divided between Kratzenstein, 
who advocated the bubbles, (the coat of which he 
determined to be i- 50,000th of an inch thick,) and 
Hambergcr. who maintained the truth to be the adhe-^^ 
Sion of particles of water to those of air and fire. Thej 
latter Moctrine had become much more distinct in the 
author’s mind when seven years afterwards (1750) 
published his Elemeyda Physices. He then gave the 
explanation of evaporation in a phrase which has 
since been adopted, — ^the solution of water in air; 
which he conceived to be of the same kind as other 
chemical solutions. 

This theory of solution was further advocated and 
developed by Le Boi f and in his hancfe assumed a 
form which has been extensively adopted up to our 
times, and has, in many instances, tinged the language 
commonly used. He conceived that air, like other 
solvents, might be saturated; and that when the water 
was beyond the amount required for saturation, it 
appeared in a visible form. The saturating quantity 
was held to depend mainly on warmth and wind. 

This theory was by no means devoid of merit; 
for it brought together many of the phenomena, and 
explained a number of the experimenibs which Le Boi 
made. It explained the facts of the trarfsparency 
of vapour, (for perfect soluHons are transparent,) the 
precipitation of water by cooling, the disappearance 
of the visible moisture by warming it again, the 
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increased evaporation by rain and wind ; and other 
observed phenomena. So far, therefore, the introduc- 
tion of the notion of the chemical solution of water 
in air was apparently very successful. But its defects 
are of a very fatal kind; for it does not at all apply to 
the facts which take place when air is excluded. 

In Sweden, in the mean time, 7 the subject had been 
pursued in a different, and in a more correct manner. 
Wallerius Ericsen had, by various experiments, esta- 
blished the important fact, that water evaporates in a 
vaeuwm. His experiments are clear and satisfactory; 
and he inferred from them the falsity of the common 
explanation of evaporation by the solution of water in 
air. His conclusions are drawn in a very intelligent 
manner. He considers the question whether water 
can be changed into air, and whether the atmosphere 
is, in consequence, a mere collection of vapourS ; and 
on good reasons, decides in the negative, and con- 
cludes the existence of permanently-elastic air different 
from vapour. He judges, also, that there are two 
causes concerned, one acting to produce the first 
ascent of vapours, the other to support them after- 
wards. The first, which acts in a vacuum, he con- 
ceives to be the mutual repulsion of the particles; 
and since this force is independent of the presence of 
other substances, this seems to be a sound induction. 
When the vapours have once ascended into the air, it 
may readily be granted that they are carried higher, 
and driven from side to side by the currents of the 
atmosphere. Wallerius conceives that the vapour will 
rise till it gets into air of the same density as itself, 
and being then in equilibrium, will drift to and fro. 

The two riv’al theories of evaporation, that of 
chemical solution and that of independent vapour, 
were, in various forms, advocated by the next genera- 
tion of philosophers. De Saussure may be considered 
as the leader on one side; and De Luc on the other. 
The former maintained the solution theory, with some 
modifications of his own. De Luc denied all solution, 
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and held vapour to be a combination of the particles 
of water with fire, by which they became lighter than 
air. According to him, there is always fire enough 
present to produce this combination, so that evapora- 
tion goes on at all temperatures. 

This mode of considering independent vapour as 
a combination of fire with water, led the attention of 
those who adopted that opinion to the thermometrical 
changes which take place when vapour is formed and 
condensed. These changes are important, and their 
laws curious. The laws belong to the induction of 
latent heat, of which we have just spoken; but a 
knowledge of them is not absolutely necessaiy in order 
to enable us to understand the manner in which steam 
exists in air. 

De Luc’s views led him® also to the cctosideration of 
the effect of pressure on vapour. He explains the fact 
that pressure will condense vapour, by supposing that 
it brings the particles within the distance at which 
the repulsion arising from fire ceases. In this way, he 
also explains the fact, that though extenial pressure 
does thus condense steam, the mixture of a body of 
air, by which the pressure is equally increased, will 
not produce the same effect ; and therefore, vapours 
can exist in the atmosphere. They make no fixed 
proportion of it ; but at the same temperature we have 
the same pressure arising from them, whether they are 
in air or not. As the heat increases, vapour becomes 
capable of supporting a greater and greater pressure, 
and at the boiling heat, it can support the pressure of 
the atmosphere. 

De Luc also marked very precisely (as Wallerius 
had donefthe difference between vapour and air: the 
former being capable of change of consistence by cold 
or pressure, the latter not so. Pictet, in 1786, made 
a hygrometrical ejeperiment, which appeared to him to 
confirm De Luc’s views; and De Luc, in pub- 
lished a concluding essay on “the subject in ihQ Philoso- 
phical Transactions, Pictet’s Essay on Fire, in 1791, 
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also demonstrated that ^ all the train of hygrometrical 
phenomena takes place just as well, indeed rather 
quicker, in a vacuum than in air, provided the same 
quantity of moisture is present.’ This essay, and De 
Luc’s paper, gave the death-blow to the theory of the 
solution of vrater in air. 

Yet this theory did not fall without an obstinate 
struggle. It was taken Tip by the new school of 
French chemists, and connected with their views of 
heat. Indeed, it long appears as the prevalent opinion. 
Girtanner,® in his Grounds of the Aiitiphlogistic 
Theory^ may be considered as one of the jirincipal 
expounders of this view of the matter. Hube, of 
Warsaw, was, however, the strongest of the defenders of 
the theory of solution, and jiublished upon it repeatedly 
about 1790. •Yet he appears to have been somewhat 
embarrassed with the increase of the air’s elasticity by 
vapour. Parrot, in 1801, proposed another tlieory, 
maintaining that De Luc had by no means successfully 
attacked that of solution, but only De Saussure’s 
superfluous additions to it. 

It is difficult to see what prevented the general 
reception of the doctrine of independent vai)our ; since 
it explained all the facts very simply, and the agency 
of air was shown over and over again to be unneces- 
sary. Yet, «ven now, the solution of water in air is 
hardly exploded. M. Gay Lussac,^® in 1800, bilks of 
the quantity of water ‘held in solution’ by the air; 
which, he says, varies according to its temperature 
and density by a law which has not yet been dis- 
covered. And Professor Robison, in the article 
‘Steam,’ in the Encyclopmdia Britannica (published 
about 1800), says,^i ‘Many philosophers imagine that 
spontaneous evaporation, at low temperatures, is pro- 
duced in this way, (by elasticity alone). But we can- 
not be of this opinion ; and must s^ll think that this 
kind of* evaporation is produced by the dissolving 
power of the air.’ He then gives some reasons for his 
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opinion. * When moist air is suddenly rarefied, there 
is always a precipitation of water. But by this new 
doctrine the very contrary should ha})pen, because the 
tendency of water to appear in the elastic form is pro* 
moted by removing the external pressure.’ Another 
main difficulty in the way of the doctrine of the mere 
mixture of vapour and air was supposed to be this ; 
that if they were so mixed, the heavier fiuid would 
take the lower part, and the lighter the higher part, of 
the space which they occupied. 

The former of these arguments was repelled by the 
consideration that in the rarefaction of air, its specific 
heat is changed, and thus its temperature reduced 
below the constituent temperature of the vapour which 
it contains. The latter argument is answered by a 
reference to Dalton’s law of the mixture of gases. We 
must consider the establishment of this doctrine in 
a new section, as the most material step to the true 
notion of evaporation. 

Sect. 3. — Dalton ^ 8 Doctrine of Evaporation. 

A PORTION of that which appears to be the true notion 
of evaporation was known, with greater or less dis- 
tinctness, to several of the physical philosophers of 
whom we have spoken. They were awal'e that the 
vapour which exists in air, in an invisible state, may 
be condensed into water by cold : and they had noticed 
that, in any state of the atmosphere, there is a certain 
temperature lower than that of the atmosphere, to 
which, if we depress bodies, water forms upon them in 
fine drops like dew ; this temperature is thence called 
the dew-point. The vapour of water which exists any- 
where may be reduced below the degree of heat which 
is necessary to constitute it vapour, and thus it ceases 
to be vapour. Heiwse this temperature is also called the 
constituent temperature. This was generally known to 
the meteorological speculatoVs of the last century, 
although, in England, attention wafls principally called 
to it by Dr. Wells’s Essay on Dew, in 1814. This doc- 
trine readily explains how the cold produced by rare- 
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faction of air, desending below the constituent t6nipe- 
rature of the contained vapour, may precipitate a dew; 
and thus, as we have said, refutes one obvious objec- 
tion to the theory of independent vapour. 

The other difficulty was first fully removed by Mr. 
Dalton. When his attention was drawn to the subject 
of vapour, he saw insurmountable objections to the 
doctrine of a chemical union of water and air. In 
fact, this doctrine was a mere nominal explanation; 
for, on closer examination, no chemical analogies sup- 
ported it. After some reflection, and in the sequel of 
other generalizations concerning gases, he was led to 
the persuasion, that when air and steam are mixed 
together, each follows its separate laws of equilibrium, 
the particles of each being elastic with regard to those 
of their own kind only : so that steam may be con- 
ceived as flowing among the particles of air^^ * like 
a stream of water among pebbles ;’ and the resistance 
which air offers to evaporation arises, not from its 
weight, but from the inertia of its particles. 

It wUl be found that the theory of independent 
vapour, understood with these conditions, will include 
all the facts of the case; — ^gradual evaporation in air; 
sudden evaporation in a vacuum ; the increase of the 
air’s elasticity by vapour ; condensation by its various 
causes ; ancf other phenomena. 

But Mr. Dalton also made experiments to prove his 
fundamental principle, that if two different gases com- 
municate, they will diffuse themselves through each 
other — slowly, if the opening of communication be 
small. He observes also, that all the gases had equal 
solvent powers for vapour, which could hardly have 
happened, had chemical affinity been concerned. Nor 
does the density of the air make any difference. 

Taking all these circumstances into the account, 
Mr. Dalton abandoned the idea of •solution. ^ In the 
autumn of i8oi, he says, ‘1 hit upon an idea which 
seemed to be exactly calculated to explain the pheno- 
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mena of vapour : it gave rise to a great variety of 
experiments/ which ended in fixing it in his mind as 
a true idea. ‘ But/ he adds, ‘ the theory was almost 
universally misunderstood, and consequently repro- 
bated.’ 

Mr. Dalton answers various objections. Berthollet 
had urged that we can hardly conceive the particles of 
an elastic substance added to those of another, without 
increasing its elasticity. To this Mr. Dalton replies 
by adducing the instance of magnets, which repel each 
other, but do not repel other bodies. One of the most 
curious and ingenious objections is that of Mr. Gough, 
who argues, that if each gas is elastic with regard to 
itself alone, we should hear, produced by one stroke, 
four sounds ; namely, the sound through aqueous 
vapour ; second , the sound #irough azotic gas ; third, 
the sound through oxygen gas ; fourth, the sound 
through carbonic acid. Mr. JDalton’s answer is, that 
the difference of time at which these sounds would 
come is very small ; and that, in fact, we do hear 
sounds double and treble. 

In his New System of Chemical Philosophy, Mr. 
Dalton considers the objections of his op])onents with 
singular candour and im2)artiality. He there appears 
disposed to abandon that i)art of the theory which 
negatives the mutual repulsion of the particles of the 
two gases, and to attribute their diffusion thi-ough one 
another to the different size of the particles, which 
would, he thinks,^'^ I)roduce the same effect. 

In selecting, as of permanent importance, the really 
valuable j)art of this theory, we must endeavour to 
leave out all that is doubtful or unj)roved. I believe 
it will be found that in all theories hitherto promul- 
gated, all assertions resjiecting the properties of the 
j)articlcs of bodies, ^leir sizes, distances, attractions, 
and the like, are insecure and superfluous. Passing 
over, then, such hypotheses, ‘the inductions which 
remain are these ; — that two gases v»hich are in com- 
munication will, by the elasticity of each, diffuse them— 
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selves in one another, quickly or slowly: and — ^that the 
quantity of steam contained in a certain space of air is 
the same, whatever be the air, whatever be its density, 
and even if there be a vacuum. These propositions 
may be included together by saying, that one gas is 
mecimnically mixed -wiih another; and we cannot but 
assent to what Mr. Dalton says of the latter fact, — 
‘ this is certainly the touchstone of the mechanical and 
chemical theories.’ This doctrine of the mechanical 
mixture of gases appears to supply answers to all the 
difficulties opposed to it by Berthollet and others, as 
Mr. Dalton has shown and we may, therefore, 
accept it as well established. 

This doctrine, along with the principle of the con- 
stituent temperature of steam^ is applicable to a large 
series of meteorological aftd other consequences. But 
before considering the applications of theory to natural 
phenomena, which have been made, it will be proper 
to speak of researches which were carried on, in a 
great measure, in consequence of the use of steam in 
the arts: I mean the laws which connect its elastic 
force with its constituent temperature. 


Sect, 4 . — Determination of the Laws of the Elastic 
Force of Steam. 

The expansion of aqueous vapour at different tem- 
peratures is governed, like that of all other vapours, 
by the law of Dalton and Gay-Lussac, already men- 
tioned; and from fhis, its elasticity, when its expansion 
is resisted, will be known by the law of Boyle and 
Mariotte; namely, by the rule that the pressure of 
airy fluids is as the condensation. But it is to be 
obseiwed, that this process of calculation goes on the 
supposition that the steam is cut off from contact with 
water, so that no more steam can be generated ; a case 
quite different fijom the common one, in which the 
steam is more abundant as the heat is greater. The 
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examination of the force of vapour, when it is in 
contact with water, must be briefly noticed. 

During the period of which we have been speaking, 
the progress of the investigation of the laws of aqueous 
vapour was much accelerated by the growing import- 
ance of the steam-engine, in which those laws operated 
in a practical form. James Watt, the main improver 
of that machine, was thus a great contributor to specu- 
lative knowledge, as well as to practical power. Many 
of his improvements depended on the laws which regu- 
late the quantity of heat which goes to the formation 
or condensation of steam; and the observations which 
led to these improvements enter into the induction 
of latent heat. Measurements of the force of steam, 
at all temperatures, were made with the same view. 
Watt’s attention had been drawn to the steam-engine 
in 1759, by Robison, the foi*mer being then an instru- 
ment-maker, and the latter a student at the University 
of Glasgow.^® In 1761 or 1762, he tried some experi- 
ments on the force of steam in a Papin’s Digester 
and formed a sort of working model of a steam-engine, 
feeling already his vocation to develope the powers of 
that invention. His knowledge was at that time 
principally derived from Desaguliers and Belidor, but 
his own experiments added to it rapidly. Irf 1764 and 
1765, he made a more systematical course of experi- 
ments, directed to ascertain the force of steam. He 
tried this force, however, only at temperatures above 
the boiling-point ; and inferred it at lower degrees from 
the supposed continuity of the law thus obtained. His 
friend Robison, also, was soon after led, by reading the 
account of some experiments of Lord Charles Caven- 
dish, and some others of Mr. Naime, to examine the 
same subject. He made out a table of the correspond- 

Eobison’s fTorks, vol. ii. p. usual boiling-point; and hrfd hence 
1 1 3. invented the instrument called 

17 Denis Papin, who made many Papin's Digpster. It is described 
of Boyle’s experiments for him, in his book, La manihre d'amoUr 
had discovered that if the vapour les os et de fairs cuire toutes sortes 
be prevented from rising, the dte viandes en fort peu de temps ei 
water becomes hotter than the dpeudefraU, Paris, 168a. 
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eiice of the elasticity and the temperature of vapour, 
from thirty-two to two hundred and eighty degrees 
of Fahrenheit’s thermometer.^^ The thing here to ])e 
remarked, is the establishment of a law of the pressure 
of steam, down to the freezing-point of water. Ziegler 
of Basle, in 1769, and A chard of Berlin, in 1782, made 
similar experiments. The latter examined also the 
elasticity of the va2)our of alcohol. Betancourt, in 
1792, j)Liblished his Memoir on the expansive force of 
vai)Ours; and his tables were for some time considered 
the most exact. Prony, in his Architecture Hy dr an- 
tique (1796), established a mathematical formula, on 
the ex2)eiiments of Betancourt, who began his re- 
searches in the belief that he was first in the held, 
although be afterwards found that he had been antici- 
jjated by Ziegler. Gren compared the exj^eriments of 
Betancourt and De Luc with his own. He ascertained 
an imi)ortaiit fact, that when water hoils^ the elas- 
ticity of the steam is equal to that of the atmosjdiere. 
Schmidt at Giessen endeavoured to imi)rove the aj>pa- 
ratus used by Betancoui't; and Biker, of Rotterdam, 
in 1800, made new trials for the same jmrpose. 

In 1801, Mr. Dalton communicated to the Philo- 
sojihical Society of Manchester his investigations on 
this subje'^t; observing truly, that though the forces 
at high temperatures are most important when steam 
is considered as a mechanical agent, the progress of 
philosophy is more immediately interested in accurate 
observations on the force at low temperatures. He 
also found that his series of elasticities for equidistant 
temperatures resembled a geometrical progressioriy but 
with a ratio constantly diminishing. Dr. Ure, in 1818, 
j)ublished in the r]iiloso2)hical Transactions of London, 
experiments of the same kind, valuable from the high 
temperatures at which they werp made, and for the 
simplicity of his aj)paratus. The law which he thus 
obtained approached, like Dalton’s, to a geometrical 


'8 These were afterwards published in Bncydopcedia Britannica; 
in the article ‘ Steam,* written by Bobison. 

Architecture Uydrauliquet Seconde Fartie, p. id3. 



RELATION OF VAPOUR AND AIR. 42 I 


2'>rogression, Dr, Ure Bays, that a fornnila proposed 
by M. Biot gives an erroiir of near nine inches out of 
seventy-five, at a temj)erature of 266 degrcies. This is 
very conceivable, for if the formula be wrong at all, 
the geometrical progress rapidly inflames the errour in 
the higher })ortions of the scale. The elasticity of 
steam, at high temperatures, has also been experi- 
mentally examined by Mr. Soutlmm, of Soho, and Mr. 
Sharpe, of Manchester. Mr. Dalton has att(mi2)ted to 
deduce certain general laws from Mr. Sharpe’s experi- 
ments; and other persons have offered other rules, as 
those which govern the force of steam witli reference 
to the tem]>erature : but no rule ap])ears yet to have 
assumed the character of an established scientific truth. 
Yet the law of the exj)ansive force of steam is not only 
required in order that the steam-engine may be em- 
ployed witli safety and to the best advantage; but 
must also be an important point in every consistent 
thermo ti cal theory. 

[2nd Ed.] [To the experiments on steam made by 
private physicists, are to be added the experiments 
made on a grand scale by order of the governments of 
France and of America, with a view to legislation on 
the subject of steam-engines. The French ex])erinients 
were made in 1823, under the direction of a commis- 
sion consisting of some of the most distinguished meni- 
bers of the Academy of Sciences; namely, MM. de 
Prony, Arago, Girard, and Dulong. The American 
experiments were placed in the hands of a committee 
of the Franklin Institute of the Btate of Pennsylvania, 
consisting of Prof. Bachc and others, in 1830. The 
French experiments went as high as 435° of Fahren- 
heit’s thermometer, - corresponding to a pressure of 60 
feet of mercury, or 24 atmosjdieres. The American 
experiments were made up to a temperature of 346°, 
which corresponded* to 274 inches of mercur}^ more 
than 9 atmospheres. The extensive range of these 
experiments affords great advantages for determining 
the law of the expansive force. The French Academy 
found that their experiments indicated an increase of 
the elastic force according to the ffth power of a 
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binominal i + mt, where t is the temperature. The 
American Institute were led to a sixth power of a like 
binominaL Other experimenters have expressed their 
results, not by powers, of the temperature, but by 
geometrical ratios. Dr. Dalton had supposed that the 
expansion of mercury being as the square of the true 
temperature above its freezing-point, the expansive 
force of steam increases in geometrieal ratio for equal 
increments of temperature. And the author of the 
article Steam in the Seventh Edition of the Encyclo- 
pcedia Britannica (Mr. J. S. Russell), has found that the 
experiments are best satisfied by supposing mercury, 
as well as steam, to expand in a geometrical ratio for 
equal increments of the true temperature. 

It appears by such calculation, that while dry gas 
increases in the ratio of 8 to ii, by an increase of 
temperature from freezing, to boiling water; steam in 
pontact with water, by the same increase of temperature 
above boiling water, has its expansive force increased 
in the proportion of 1 to 12. By an equal increase of 
temperature, mercury expands in about the ratio of 
8 to 9. 

Recently, MM. Magnus of Berlin, Holzmann and Reg- 
nault, have made series of observations on the relation 
between temperature and elasticity of steam. 

Prof. Magnus measured his temperatures by an 
air-thermometer; a ])rocess which, I stated in the first 
edition, seemed to afford the best promise of simplify- 
ing the law of expansion. His result is,’ that the 
elasticity proceeds in a geometric series when the tetn- 
perature proceeds in an arithmetical series nearly; 
the differences of temperature for equal augmentations 
of the ratio of elasticity being somewhat greater for 
the higher temperatures. 

The forces of the vapours of other liquids in contact 
with their liquids, determined by Dr. Faraday, as men- 
tioned in Chap. ii. Sect, i, are analogous to the elasticity 

of steam here spoken of.] 

« 

20 See Taylor’s Scientific Memoirs^ Aug. 1845, vol. iv. part xiv., and 
Ann. de Chimie, 
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Sect. 5 . — Consequences of the Doctrine of Evaporation, 
— Explanation of Rain, Dew, and Clouds, 

The discoveries concerning the relations of heat and 
moisture which were made during the last century, 
were principally suggested by meteorological inquiries, 
and were applied to meteorology as fast as they rose. 
Still there remains, on many points of this subject, so 
much doubt and obscurity, that we cannot suppose the 
doctrines to have assumed their final form ; and there- 
fore we are not here called upon to trace their progress 
and connexion. The principles of atmology are pretty 
well understood; but the difficulty of observing the con- 
ditions under which they produce their effects in the 
atmosphere is so great, that the precise theory of most 
meteorological phenomena is still to be determined. 

We have already considered the answers given to 
the question : According to what rules docs trans- 
parent aqueous vapour resume its form of visible 
water? I'liis question includes, not only the pro- 
blems of Rain and Dew, but also of Clouds ; for clouds 
are not vapour, but water, vapour being always invi- 
sible. An opinion which attracted much notice in its 
time, was that of Hutton, who, in 1784, endeavoured 
to j>rove that if two masses of air saturated with 
transparent vapour at different temperatures are 
mixed together, the precipitation of water in the form 
either of cloud or of drops will take place. The reason 
he assigned for the opinion was this ; that the tempe- 
rature of the mixture is a mean between the two 
temperatures, but that the force of the vapour in the 
mixture, which is the mean of the forces of the two 
component vapours, will be greater than that which 
corresponds to the mean temperature, since the force 
increases faster than the temperature and hence 
some part of the vapour will be precipitated. This 
doctrine, it will be seen, speaks of vapour as ‘ saturat- 
ing’ air, and is therefore, in this form, inconsistent 
with Dalton’s principle; but it is n^t difficult to* modify 


-1 Edin. Tram. vol. i. p. 4 *. 
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the expression so as to retain the essential part of the 
explanation. 

Dew , — The principle of a ^constituent temperature’ 
of steam, and the explanation of the ^ dew-point,’ were 
known, as we have said, (Cliap. iii. Sect. 3,) to the 
meteorologists of the last century; but we perceive how 
incomplete tlieir knowledge was, by tlie very gradual 
manner in which the consequences of this princijde were 
traced out. W e have already noticed, as one of the books 
which most drew attention to the true doctrine, in this 
country at least. Dr. Wells’s Essay on Dew^ published 
in 1814. In this work the author gives an account of 
the progress of his opinions ^ I was led,’ he says, ^ in 
the autumn of 1784, by the event of a rude experi- 
ment, to think it probable that the formation of dew 
is atUuided with the })roduction of cold.’ This was 
confirmed by the experiments of others. But some 
years after, ‘ upon considering the subject more closely, 
I began to sus])ect that Mr. Wilson, Mr. Six, and myself, 
had all cominittcjd an error in regarding the cold which 
accompanies the dew, as an effect of the formation of 
the dew.’ He now considered it i-ather as the canse : 
and soon found that he was able to account for the 
circumstances of this formation, many of them curious 
and })ara(]oxical, by supposing the bodies on which dew 
is deposited, to be cooled down, by radiation into the 
clear night-sky, to the j)ro2>er tein})erature. The same 
j)rinciple will obviously explain the formation of mists 
over streams and lakes when the air is cooler than the 
water; which was put forward by Davy, oven in 1819, 
as a new doctrine, or at least as not familiar. 

Hygrometers . — According as air lias more or less 
of vapour in comparison with that which its tempe- 
rature and pressure enable it to contain, it is more or 
less humid ; and an instrument which measures the 
degrees of such a gradation is a hygrometer. The 
hygrometers which were at first invented, were those 
which measured the mdisture by its effect in ])ro- 
ducing expansion or contraction in certain organic 


22 Essay on p. 1 , 
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substances; thus De Saussure devised a hair-hygro- 
meter, De Luc a whalebone-hygrometer, and Dalton 
used a piece of whipcord. All these contrivances were 
variable in the amount of their indications under the 
same circumstances ; and, moreover, it was not easy to 
know the physical meaning of the degree indicated. 
The dew-point, or constituent temperature of the 
vajiour which exists in the air, is, on the other hand, 
both constant and definite. The determination of 
this point, as a datum for the moisture of the atmo- 
S])liere, was emyiloyed by Le E,oi, and by Dalton (1802), 
tlie condensation being obtained by cold water and 
finally, Mr. Daniell (1812) constructed an instrument, 
where the condensing temyierature was produced by 
evay)oration of ether, in a very convenient manner. 
This invention {DanieWs Hygrometer) enables us to 
determine the quantity of vapour which exists in a 
given mass of the atmosphere at any time of obser- 
vation. 

[211(1 Ed,] [As a happy application of the Atinolo- 
gical Laws which have been discovered, I may mention 
the completion of the theory and use of the Wet-hulh 
Hygrometer ; an instrument in which, from, the deyires- 
sioii of temperature produced by wetting the bulb 
of a thermometer, we infer the further depression 
which would produce dew. Of this insirument the 
history is thus summed up by Prof. Forbes : — ‘ Hutson 
invented the method ; Leslie revived and extended it, 
giving probably the earliest, though an imperfect, 
theory ; Gay-Lussac, by his excellent ex])eriments and 
reasoning from them, completed the theory, so far as 
perfectly dry air is concerned; Ivory extended the 
theory; which was reduced to practice by Auguste and 
Bohnenberger, who determined the constant with 
accuracy. English observers have done little more 
than confirm the tjonclusions of our industripus Ger- 
manic neighbours ; nevertheless the experiments of 
Apjohn and Prinsep must ever be considered as con- 
clusively settling the value of the* coefficient near the 


•23 Daniell, Met, Ess.t^, 14 ^. Manch. Mem, vol. v. p. 58i. 
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one extremity of the scale, as those of Kaemtz have 
done for the other. 

Prof. Forbes’s two Reports On the Recent Progress 
and Present State of Meteorology given among the 
Reports of the British Association for 1832 and 1840, 
contain a complete and luminous account of recent 
researches on this subject. It may perhaps be asked 
why I have not given Meteorology a place among the 
Inductive Sciences; but if the reader refers to these 
accounts, or any other adequate view of the subject, 
he will see that Meteorology is not a single Inductive 
Science, but the apj)lication of several sciences to the 
explanation of terrestrial and atmospheric phenomena. 
Of the sciences so applied, Thermotics and Atmology 
are the principal ones. But others also come into 
play; as Optics, in the explanation of Rainbows, Halos, 
Parhelia, Coroine, Glories, and the like ; Electricity, in 
the explanation of Thunder and Lightning, Hail, 
Aurora Borealis; to which others might be added.] 

Clouds, — When vapour becomes visible by being 
cooled below its constituent temperature, it forms 
itself into a fine watery powder, the diameter of the 
particles of which this powder consists being very 
small : they are estimated by various writers, from 
I- 100,000th to I -20,000th of an inch. Such par- 
ticles, even ‘if solid, would descend very slowly; and 
vei;^' slight causes would suffice for their suspension, 
without recurring to the hypothesis of vesicles, of 
which we have already spoken. Indeed that hypothesis 
will not explain the fact, except we suppose these 
vesicles filled with a rarer air than that of the atmo- 
sphere; and, accordingly, though this hypothesis is still 
maintained by some,"^ it is asserted as a fact of obser- 
vation, proved by optical or other phenomena, and not 
deduced from the suspension of clouds. Yet the latter 
result is still variously explained by different philo- 
sophers: thus, M. Gay-Lussac 27 accounts for it by 

ft 

24 Second lieport on Meteorology ^ p. 10 1. 

26 Kaemtz, Met. i. 393 . 26 nj.j, 393, Robison, ii. 13. 

27 Ann. Chim. xxv. i 8 zz. 
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upward currents of air, and Fresnel explains it by the 
heat and rarefaction of air in the interior of the 
cloud. 

Glassification of Clouds. — A classification of clouds 
can then only be consistent and intelligible when it 
rests upon their atrnological conditions. Such a 
system was proposed by Mr. Luke Howard, in 1802-3. 
His primary modifications are, Cirrus, Cumulus, and 
Stratus, which the Germans have translated by terms 
equivalent in English to featlier-cloud, Jieap-cloud, 
and layer-cloud. The cumulus increases by accumula- 
tions on its top, and floats in the air with a horizontal 
base; the stratus grows from below, and spreads along 
the earth; the cirrus consists of fibres in the higher 
regions of the atmosphere, which grow every way. 
Between these simple modifications are intermediate 
ones, cirro-cumulus Miik cirro-stratus ; and, again, com- 
pound ones, the cumulo-stratus and the nimbus, or rain- 
cloud. These distinctions have been generally accepted 
all over Europe : and have rendered a description of 
the processes which go on in the atmosphere far more 
definite and clear than it could be made before their 
use. 

I omit a vast mass of facts and opinions, supposed 
laws of phenomena and assigned causes, which abound 
in meteorology more than in any other Science. The 
slightest consideration will show us what a great 
amount of labour, of persevering and combined ob- 
servation, the progress of this branch of knowledge 
requires. I do not even speak of the condition of the 
more elevated parts of the atmosphere. The diminu- 
tion of temperature as we ascend, one of the most 
marked of atmospheric facts, has been variously ex- 
plained by different writers. Thus Dalton (1808) 
refers it to a principle ‘that each atom of air, in tlie 
same perpendicular column, is possessed of the same 
degree of heat,’ which principle he conceives to bo 
entirely empirical in this case. Fourier says^^ (1817), 
‘This phenomenon results from several causes: one*of 


28 New Syst. ofChem. vol. i. p, laS. 
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tlie principal is the progressive extinction of the rays 
of heat in the successive strata of the atmosphere.’ 

Leaving, therefore, the application of thermotical 
and atmological principles in particular cases, let us 
consider for a moment the general views to which they 
have led philosophers. 
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CHAPTEE IV. 

Physical Theories of Heat. 

TT7HEN we look at the condition of that branch 
V V of knowledge which, according to the phraseology 
already employed, we must call Physical Thermotics^ 
in opposition to Formal Thermotics, which gives us 
detached laws of phenomena, we find the prospect 
very different fi'om that which was presented to us by 
physical astronomy, optics, and a(;oustics. In these 
sciences, tlie maintain ers of a distinct and comprehen- 
sive theory have professed at least to show that it ex- 
plains and includes the ])rinci]»al laws of phenomena 
of very various kinds : in Thermotics, we have only 
attempts to explain a part of the facts, Wc have 
here no example of an hypothesis which, assumed in 
order to explain one class of phenomena, has been 
found also to account exactly for another; as when 
central forces led to the ])recession of the equinoxes; 
or when the ex])lanation of polarization explained also 
double refraction ; or when the pressure of the atmo- 
sphere, as measured by the barometer, gave the true 
velocity of sound. Such coincidences, or consiliences, 
as I have elsewhere called them, are the test of truth ; 
and thermotical theories cannot yet exhibit credentials 
of this kind. 

On looking back at our view of this science, it will 
be seen that it may be distinguished into two parts ; 
the Doctrines of Conduction and Eadiation, which we 
call Thermotics proper; and the Doctrines respecting 
the relation of Heat, Airs, and Moisture, which we 
have termed Atmology. These two subjects differ in 
their bearing on our hypothetical views. 

Thermotical Theories , — ^The phenomena of radiant 
heat, like those of radiant light,* obviously admit of 
general explanation in two different ways; — by the 
emission of material particles, or by the propagation 
of undulations. Both these opinions have found sqp-. 
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porters. Probably most persons, in adopting Prevost’s 
theory of exchanges, conceive the radiation of heat to 
be the radiation of matter. The undulation hypothesis, 
on the other hand, appears to be suggested by the 
production of heat by friction, and was accordingly 
maintained by Humford and others. Leslie^ appears, 
in a great part of his Inquiry, to be a supporter of 
some undula'bory doctrine, but it is extremely difficult 
to make out what his undulating medium is ; or rather, 
his opinions wavered during his progress. In page 
31, he asks, ‘What is this calorific and frigorific fluid?’ 
and after keeping the reader in suspense for a moment, 
he replies, 

‘ Quod petis hie est. 

It is merely the ambient AIK’ But at page 150, he 
again asks the question, and, at page 188, he answei’s, 
‘ It is tlie same subtile matter that, according to its 
difierent modes of existence, constitutes either heat or 
light.’ A person thus vacillating between two opinions, 
one of which is palpably false, and the other laden 
with exceeding difficulties which he does not even 
attempt to remove, had little right to protest against ^ 

‘ the sportive freaks of some intangible aura /’ to rank 
all other hypotheses than his own with the ‘occult 
qualities of the schools;’ and to class the ‘prejudices’ 
of his opponents with the tenets of those who main- 
tained the fuga vacui in opposition to Torricelli. It 
is worth while noticing this kind of rhetoric, in order 
to observe, that it may be used just as easily on the 
wrong side as on the right. 

Till recently, the theory of material heat, and of its 
propagation by emission, was probably the one most 
in favour with those who had studied mathematical 
thermotics. As we have said, the laws of conduction, 
in their ultimate analytical form, weie almost identical 
with the laws of motion of fluids. Fourier’s principle 
also, that the radiation of lieat takes place from points 
below the surface, and is intercepted by the super- 

* An Experimental Inquiry into the Nature and Propagation of Heat. 
1804. «Ib.p. 47. 



PHYSICAL THEORIES OF HEAT. 43 1 

ficial particles, appears to favour the notion of material 
emission. 

Accordingly, some of the most eminent modem 
French mathematicians have accepted and extended 
the hypothesis of a material caloric. In addition to 
Fourier’s doctrine of molecular extra-radiation, Laplace 
and PoissoA have maintained the hypothesis of mole- 
cnlar intror-radiation, as the mode in which conduction 
takes place: that is, they say that the particles of 
bodies are to be considered as discrete^ or as points 
separated from each other, and acting on each other at 
a distance ; and the conduction of heat from one part 
to another, is performed by radiation between all 
neighbouring particles. They hold that, without this 
hypothesis, the differential equations expressing the 
conditions of conduction cannot be made homogeneous : 
but this assertion rests, I conceive, on an errour, as 
Fourier has shown, by dispensing with the hypothesis. 
The necessity of the hypothesis of discrete molecular 
action in bodies, is maintained in all cases by M. Poisson; 
and he has asserted Laplace’s theory of capillary attrac- 
tion to be defective on this ground, as Laplace asserted 
Fourier’s reasoning respecting heat to be so. In reality, 
however, this hypothesis of discrete molecules cannot 
be maintained as a physical truth; for^the law of 
molecular action, which is assumed in the reasoning, 
after answering its purpose in the progress of calcula- 
tion, vanishes in the result ; the conclusion is the same, 
whatever law of the intervals of the molecules be 
assumed. The definite integral, which expresses the 
whole action, no more proves that this action is actually 
made of the differential i)arts by means of which it was 
found, than the processes of finding the weight of a 
body by integration, prove it to be made up of dif- 
ferential weights. And therefore, even if we were to 
adopt the emissionHheory of heat, we are by njo means 
bound to take along with it Jhe hypothesis of discrete 
molecules. ^ 

But the recent discovery of the refraction, polari- 
zation, and depolarization of heat, has quite ^tered 
the theoretical aspect of the subject, and, almost, at a 
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single blow, ruined the emission theory. Since heat 
is reflected and refracted like light, analogy would lead 
us to conclude that the mechanism of the })rocesses is 
the same in the two cases. And when we add to these 
properties the property of polarization, it is scarcely 
possible to believe otherwise than that heat consists in 
transverse vibrations; for no wise philosopher would 
attempt an explanation b}’^ ascribing poles to the emitted 
particles, after the experience which Optics affords, of 
the utter failure of such iriachinery. 

But here the question occurs, If heat consists in 
vibrations, whence arises the extraordinaiy identity of 
the laws of its propagation with the laws of the flow 
of matter? How is it that, in conduct(^d heat, this 
vibration creeps slowly from one part of the body to 
another, the part first heated remaining hottest ; instead 
of leaving its first place and travelling rapidly to 
another, as the vibrations of sound and light do ? The 
answer to these questions has been’ j)ut in a very 
distinct and plausible form by that distinguished phi- 
losopher, M. Ampere, who published a Note on Heat 
and Light considered as the results of Vibratory 
Motion,^ m 1834 and 1835; and though this answer 
is an hypothesis, it at least shows that there is no fatal 
force in the difiiculty. 

M. Ampere’s hypothesis is this; that bodies consist 
of solid molecules, which may be considered as arranged 
at intervals in a very rare ether; and that the vibra- 
tions of the molecules, causing vibrations of the ether 
and caused by them, constitute heat. On these sup- 
positions, we should have the phenomena of conduction 
explained; for if the molecules at one end of a bar be hot, 
and therefore in a state of vibration, while the others 
are at rest, the vibrating molecules projiagate vibrations 
in the ether, but these vibrations do not produce heat, 
except in proportion as they put the quiescent mole- 
cules of the bar in vibration ; and the ether being very 
rare compared with the molecules, it is only by the 


3 Bibliothhqm Universelle de Geneve^ vol. xlix. p. ziS. Ann, Chim. 
tom. Ivii. p. 434> 
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repeated impulses of many successive vibrations that 
the nearest quiescent molecules are made to vibrate; 
after which they combine in communicating the vibra- 
tion to the more remote molecules. ‘\fe then find 
necessarily,’ M. Ampire adds, ^ the same equations as 
those found by Fourier for the distribution of heat, 
setting out from the same hypothesis, that the tem- 
perature or heat transmitted is proportional to the 
difference of the temperatures.’ 

Since the undulatory hypothesis of heat can thus 
answer all obvious objections, we may consider it as 
upon its trial, to be confirmed or mo^fied by future 
discoveries; and especially, by an enlarged knowledge 
of the laws of the polarization of heat. 

[2nd Ed.] [Since the first edition was written, the 
analogies between light and heat have been further 
extended, as I have already stated. It has been dis- 
covered by MM. Biot and Melloni that quartz impresses 
a circular polarization upon heat ; and by Prof. Forbes 
that mica, of a certain thickness, produces phenomena 
such as would be produced by the impression of circular 
polarization on the supposed transversal vibrations of 
radiant heat; and further, a rhomb of rock-salt, of the 
shape of the glass rhomb which verified Fresnel’s extra- 
ordinary anticipation of the circular polarization of 
light, verified the expectation, founded upon other 
analogies, of the polarization of heat. By passing 
polarized heat through various thicknesses of mica. 
Prof. Forbes has attempted to calculate the length of 
an undulation for heat. 

These analogies cannot fail to produce a strong dis- 
position to believe that light and heat, essences so closely 
connected that they can hardly be separated, and thus 
shown to have so many curious properties in common, 
are propagated by the same machinery ;. and thus we 
are led to an UndulStory Theory of Heat. 

Yet such a Theory has not y^t by any means received 
full confirmation. It depends upoij the analogy and 
the connexion of the Theory of Light, and would have 
little weight if those were removed. For, the sepM^a- 

VOL. II. jy 
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tion of the rays in double refraction, and the phe- 
nomena of periodical intensity, the two classes of facts 
out of which the TJndulatory Theory of Optics princi- 
pally grew,*have neither of them been detected in 
thermotical experiments. Prof. Forbes has assumed 
alternations of heat for increasing thicknesses of mica, 
but in his experiments we find only one maximum. 
The occurrence of alternate maxima and minima under 
the like circumstances would exhibit visible waves of 
heat, as the fringes of shadows do of light, and would 
thus add much to the evidence of the theory. 

Even if I conceived the TJndulatory Theory of Heat 
to be now established, I .should not venture, as yet, to 
describe its establishment as an event in the history of 
the Inductive Sciences. It is only at an interval of 
time after such events have taken place that their his- 
tory and character can be fully understood, so as to 
suggest lessons in the Philosophy of Science.] 

Atmological Theories . — Hypotheses of the relations 
of heat and air almost necessarily involve a reference 
to the forces by which the composition of bodies is 
produced, and thus cannot properly be treated of till 
we have surveyed the condition of chemical knowledge. 
But we may say a few words on one such hypothesis; 
I mean the hypothesis on the subject of the atmological 
laws of heat, proposed by Laplace, in the twelfth Book 
of the Mecanique Celeste, and published in 1823. It 
will be recollected that the main laws of phenomena 
for which we have to account, by means of such an 
hypothesis, are the following: — 

(i.) The Law of Boyle and Mariotte, that the elas- 
ticity of an air varies as its density. See Chap. iii. 
•Sect. I of this Book. 

(2.) The Law of Gay-Lussac and Dalton, that all 
airs expand equally by heat. See Chap. ii. Sect. i. 

(3.) The production of heat b/ sudden compression. 
See Chap. ii. Sect. 2. , 

(4.) Dalton’s pjrinciple of the mechanical mixture of 
airs. See Chap. iii. Sect. 3. 

(5.) The Law of expansion of solids and fluids by 
heat. See Chap. ii. Sect, u 
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(6.) Changes of consistence by heat; and the doctrine 
of latent heat. See Chap. ii. Sect. 3. 

(7.) The Law of the expansive force of steam. See 
Chap. iii. Sect. 4. 

Besides these, there are laws of which it is doubtful 
whether they are or are not included in the preceding, 
as the low temperature of the air in the higher parts 
of the atmosphere. (See Chap. iii. Sect. 5.) 

Laplace’s hypothesis^ is this : — ^that bodies consist of 
particles, each of which gathers round it, by its attrac- 
tion, a quantity of caloric : that the particles of the 
bodies attract each other, besides attracting the calo- 
ri^ and that the particles of the caloric repel each 
otBer. 

In gases, the particles of the bodies are so far 
removed, that their mutual attraction is insensible, 
and the matter tends to expand by the mutual re- 
pulsion of the caloric. He conceives this caloric to be 
constantly radiating among the particles ; the density 
of this internal radiation is the temperature^ and he 
proves that, bn this supposition, the elasticity of the 
air will be as the density, and as this temperature. 
Hence follow the three first rules above stated. The 
same suppositions lead to Dalton’s principle of mix- 
tures (4), though without involving his m®de of coq- 
ception ; for Laplace says that whatever the mutual 
action of two gases be, the whole pressure will be equal 
to the sum of the separate pressures.^ Expansion (5), 
and the changes of consistence (6), are explained by 
supposing® that in solids, the mutual attraction of the 
particles of the body is the greatest force ; in liquids, 
the attraction of the particles for the caloric; in airs, 
the repulsion of the caloric. But the doctrine of latent 
heat again modifies ^ the hypothesis, and makes it 
necessary to include^ latent heat in the calculation; yet 
there is not, as we might hope there would her if the 
theory were the true one, any confirmation of the 

M4c. CiL t. V. p. 89. * Ib. p. no. 

^ M4c, CiU t. V. p. 93. 
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hypothesis resulting from the new class of laws thus 
referred to. Nor does it appear that the hypothesis 
accounts for the relation between the elasticity and 
the temperature of steam. 

It will be observed that Laplace’s hypothesis goes 
entirely upon the materiality of heat, and is incon- 
sistent with any vibratory theory; for, as Ampere 
remarks, ' It is clear that if we admit heat to consist 
in vibrations, it is a contradiction to attribute to heat 
(or caloric) a repulsive force of the particles which 
would be a cause of vibration.’ 

An unfavourable judgment of Laplace’s Theory of 
Gases is suggested by looking for that which, in speak- 
ing of Optics, was mentioned as the great characterfttic 
of a true theory; namely, that the hypotheses, which 
were assumed in order to account for one class of facts, 
are found to explain another class of a different nature : 
— the consilience of inductions. Thus, in thermotics, 
the law of an intensity of radiation proportional to the 
sine of the angle of the ray with the surface, which is 
founded on direct experiments of radiation, is found to 
be necessary in order to explain the tendency of neigh- 
bouring bodies to equality of temperature; and this 
leads to the higher generalization, that heat is radiant 
from points below the surface. But in the doctrine of 
the relation of heat to gases, as delivered by Laplace, 
there is none of this unexpected confirmation; and 
though ho explains some of the leading laws, his as- 
sumptions bear a large proportion to the laws explained. 
Thus, from the assumption that the repulsion of gases 
arises from the mutual repulsion of the particles of 
caloric, he finds that the pressure in any gas is as the 
square of the den^sity and of the quantity of caloric;® 
and from the assumption that the temperature is the 
internal radiation, he finds that this temperature is as 
the density and the square of the caloric.® Hence he 
obtains the law of Boyle and Mariotte, and that of 
Dalton and Gay-Lussac. But this view of the subject 
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requires otLer assumptions when we come to latent 
heat; and accordingly, he introduces, to express the 
latent heat, a new quantity.^® Yet this quantity pro- 
duces no effect on his calculations, nor does he apply 
his reasoning to any problem in which latent heat is 
concerned. 

Without, then, deciding upon this theory, we may 
venture to say that it is wanting in all the prominent 
and striking characteristics which we have found in 
those great theories which we look upon as clearly and 
indisputably established. 

Conclusion . — We may observe, moreover, that heat 
has other bearings and effects, which, as soon as they 
have been analysed into numerical laws of phenomena, 
must be attended to in the formation of thermotical 
theories. Chemistry will probably supply many such ; 
those which occur to us, we must examine hereafter. 
But we may mention as examples of such, MM. De la 
Hive and Marcet’s law, that the specific heat of all 
gases is the same;^^ and MM. Duloiig and Petit’s law, 
that single atoms of all simple bodies have the same 
capacity for heat.^^ Though we have not yet said 
anything of the relation of different gases, or explained 
the meaning of atoms in the chemical sense, it will easily 
be conceived that these are very general and important 
propositions. 

Thus the science of Thermotics, imperfect as it is, 
forms a highly-instructive part of our survey; and is 
one of the cardinal points on which the doors of those 
chambers of physical knowledge must turn which 
hitherto have remained closed. For, on the one hand, 
this science is related by strong analogies and depen- 
dencies to the most complete portions of our know- 
ledge, our mechanical doctrines and optical theories; 
and on the other, it is connected with properties 
and laws of a natuine altogether different, — those of 
chemistry; properties and laws depending upon a new 


The quantity p. 1 13. 
Ann. Chim. xxxv. (i 8 ^ 7 .) 


12 Ib. X. 397. 
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system of notions and relations, among which clear and 
substantial general principles are far more difficult to 
lay hold of, and with which the future progress of 
human knowledge appears to be far more concerned. 
To these notions and relations we must now proceed ; 
but we shall find an intermediate stage, in certain 
subjects which I shall call the Meclianico-chemical 
Sciences; viz., those which have to do with Magnetism, 
Electricity, and Galvanism. 
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BOOK VI. 

MECHANICS. 


CHAPTER III. 
Principles and Problems. 


Significance of Avialyiical Mechanics, 

I N the text, p. 84 , 1 have stated that Lagrange, near 
the end of his life, expressed his sorrow that the 
methods of approximation employed in Physical As- 
tronomy rested on arbitrary processes, and not on any 
insight into the results of mechanical action. From 
the recent biography of Gauss, the greatest physical 
mathematician of modern times, we learn that he con- 
gratulated himself on having escaped this errour. He 
remarked^ that many of the most celebrated mathe- 
maticians, Euler very often, Lagrange sometimes, had 
trusted too much to the symbolical calculation of their 
problems, and would not have been able to give an 
account of the meaning of each successive step of their 
investigation. He said that he himself, on the other 
hand, could assert that at every step which he took, he 
always had the aim and purpose of his operations 
before his eyes without ever turning aside from the 
way. The same, he remarked, tnight be said of 
Newton. 

Engineering Mechanics, 

The principles of the science of Mechanics were dis- 
covered by observations made upoil bodies within the 


Gauss fZum Oeddcktnm, von W. Sarlorias v. WaUershausm^ p. 80. 
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reach of men ; as we have seen in speaking of the dis- 
coveries of Stevinus, Galileo, and others, up to the 
time of Newton. And when there arose the contro- 
versy about vis viva (Chap. v. Sect. 2 of this Book); — 
namely, whether the ‘ living force* of a body is mea- 
sured by the product of the weight into the velocity, 
or of the weight into the square of the velocity; — 
still the examples taken were cases of action in 
machines and the like terrestrial objects. But Newton’s 
discoveries identified celestial with terrestrial me- 
chanics ; and from that time the mechanical problems 
of the heavens became more important and attractive 
to mathematicians than the problems about earthly 
machines. And thus the generalizations of the 
problems, principles, and methods, of the mathematical 
science of Mechanics from this period are principally 
those which have reference to the motions of the 
heavenly bodies : such as the Problem of Three Bodies, 
the Principles of the Conservation of Areas, and of the 
Immoveable Plane, the Method of Variation of Para- 
meters, and the like (Chap. vi. Sect. 7 and. 14). And 
the same is the case in the more recent progress of 
that subject, in the hands of Gauss, Bessel, Hansen, 
and others. 

But yet the science of Mechanics as applied to 
terrestrial ihachines , — Industrial Mechanics, as it has 
been termedj — has made some steps which it may be 
worth while to notice, even in a general history of 
science. For the most part, all the most general laws 
of mechanical action being already finally established, 
in the way which we have had to narrate, the determi- 
nation of the results and conditions of any combination 
of materials and movements becomes really a mathe- 
matical deduction from known princiiDles. But such 
deductions may be made much more easy and much 
more luminous by the establishment of general terms 
and general propositions suited to their special condi- 
tions. Among these I may mention a new abstract 
term, introduced bec'ause a general mechanical principle 
can be expressed by means of it, which has lately been 
much employed by the mathematical engineers of 
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Jrance, MM. Poncelet, Navier, Morin, &c. The 
abstract term is Travaily which has been translated 
Labouring Force; and the principte which gives it its 
value, and makes it useful in the solution of problems, 
is this; — ^that the work done (in overcoming resistance 
or producing any other effect) is equal to the Labour- 
ing Force, by whatever contrivances the force be 
applied. This is not a new principle, being in fact 
mathematically equivalent to the conservation of Vis 
Viva; but it has been employed by the mathematicians 
of whom I have spoken with a fertility and ‘simplicity 
which make it the mark of a new school of Ths 
Mechanics of Engineering, 

The Labouring Force expended and the work done 
have been described by various terms, as Theoretical 
Effect and Practical Effect, and the like. The usual 
term among English engineers for the work which an 
Engine usually does, is Duty: but as this word natu- 
rally signifies what the engine ought to do, rather than 
what it does, we should at least distinguish between 
the Theoretical and the Actual Duty. 

The difference between the Theoretical and Actual 


Duty of a Machine arises from this : that a portion of 
the Labouring Force is absorbed in producing effects, 
that is, in doing work, which is not reckoned as Duty : 
for instance, overcoming the resistance and’ waste of the 
machine itself And so long as this resistance and 
waste are not rightly estimated, no correspondence can 
be established between the theoretical and the practical 


Duty. Though much^ had been written previously! 
upon the theory of the steam engine, the correspon-^ 


dence between the Force expended and the Work done 


was not clearly made out till Comte De Pambour 


published his Treatise on Locomotive Engines in 1835, 
and his Theory of the Steam Engine in. 1839. 


Strength of Materials, 

Among the subjects which have especially engaged 
the attention of those who have applied the science of 
Mechanics to practical matters, is the strength of 
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materials : for example, the strength of a horizontc^ 
beam to resist being broken by a weight pressing upon 
it. This was one of the problems which Galileo took 
up. He was led to his study of it by a visit which he 
made to the arsenal and dockyards of Venice, and the 
conclusions which he drew were published in his 
DialogueSy in 1633. In his mode of regarding the 
problem, he considers the section at which the beam 
breaks as the short arm of a bent lever which resists 
fracture, and the part of the beam which is broken off 
as the longer arm of the lever, the lever turning about 
the fracture as a hinge. So far this is true ; and from 
this principle he obtained results which are also true ; 
as, that the strength of a rectangular beam is propor- 
tional to the breadth multiplied into the square of the 
depth : — ^that a hollow beam is stronger than a solid 
beam of the same mass ; and the like. 

But he erred in this, that he supposed the hinge 
about which the breaking beam turns, to be exactly at 
the unrent surface, that surface resisting all change, 
and the beam being rent all the way across. Whereas 
the fact is, that the unrent surface yields to compres- 
sion, while the opposite surface is rent ; and the hinge 
about which the breaking beam turns is at an inter- 
mediate point, where the extension and rupture end, 
and the compression and crushing begin: a point 
which has been called the neutral axis. This was 
pointed out by Mariotte ; and the notion, once sug- 
gested, was so manifestly true that it was adopted by 
mathematicians in general. J aihes Bernoulli,^ in 1705, 
investigated the strength of beams on this view ; and 
several eminent mathematicians pursued the subject ; 
as Yarignon, Parent, and Bulfinger; and at a later 
period, Dr. Robison in our own country. 

But along with the fracture of beams, the mathema- 
ticians considered also another subject, the flexure of 
beams, v^hich they undergo before they break, in 
virtue of their elasticity. 'What is the elastic curve ? 
— the curve into which an elastic line forms itself under 


2 Opera, ii. p. 976. 
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|(ihe pressure of a weight, — is a problem which had been 
proposed by Galileo, and was fully solved, as a mathe- 
matical problem, by Euler and others. 

But beams in practice are not mere lines : they are 
solids. And their resistance to kxure, and the 
amount of it, depends upon the resistance of their 
internal parts to extension and compression, and is 
different for different substances. To measure these 
differences, Dr. Thomas Young introduced the notion 
of the Modulus of Elasticity meaning thereby a 
column of the substance of the same diameter, such as 
would by its weight produce a compression equal to 
the whole length of the beam, the rate of compression 
being supposed to continue the same throughout. 
Thus if a rod of any kind, loo inches long, were com- 
pressed I inch by a weight of looo pounds, the weight 
of its modulus of elasticity would be 100,000 pounds. 
This notion assumes Hooke’s law that the extension 
of a substance is as its tension j and extends this law 
to compression also. 

There is this great advantage in introducing the 
definition of the Modulus of Elasticity, — that it applies 
equally to the flexure of a substance and to the minute 
vibrations which propagate sound, and the like. And 
the notion was applied so as to lead to curious and 
important results with regard to the power of beams 
to resist flexure, not only when loaded transversely, 
but when pressed in the direction of their length, and 
in any oblique direction. 

But in the fracture of beams, the resistance to 
extension and to compression are not practically 
equal : and it was necessary to determine the difference 
of these two forces by experiments. Several persons 
pursued researches on this subject; especially Mr. 
Barlow, of the Royal Military Academy,'^ who investi- 


* Lecture xiii. The height of miles, and for %teel nearly i5oo 
the modulus is the same for the miles* 

same substance, whatever its ^ An Essay on the Strength and 
breadth and thickness may be; Shape of Timber, 3rd edition, 
for atmospheric air it is about five 1826. 
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gated the subject with great labour and skill, so far aa| 
wood is concerned. But the dijfference between the 
resistance to tension and to compression requires more 
special study in the case of iron; and has been especially 
attended to in rAnt times, in consequence of the vast 
increase in the number of iron structures, and in par- 
ticular, railways. It appears that wrought iron yields to 
compressive somewhat more easily than to tensile force, 
while cast iron yields far more easily to tensile than to 
compressive strains. In all cases the power of a beam to 
resist fracture resides mainly in the upper and the under 
side, for there the tenacity of the material acts at the 
greatest leverage round the hinge of fracture. Hence 
the practice was introduced of making iron beams 
with a broad flange at the upper and another flange 
at the under side, connected by a vertical plate or weh, 
of which the office was to keep the two flanges asunder. 
Mr. Hodgkinson made many valuable experiments on 
a large scale, to determine the forms and properties of 
such beams. 

But though engineers were, by such experiments 
and reasonings, enabled to calculate the strength of a 
given iron beam, and the dimensions of a beam which 
should bear a given load, it would hardly have occurred 
to the boldest speculator a few years ago, to predict 
that there might be constructed beams nearly 500 feet 
long, resting merely on their two extremities, of which 
it could be known beforehand, that they would sus- 
tain, without bending or yielding in any perceptible 
degree, the weight of a railroad train, and the jar 
of its unchecked motion. Yet of such beams, con- 
structed beforehand with the most perfect confidence, 
crowned with the most complete success, is com- 
posed the great tubular bridge which that consummate 
engineer, Mr. Kobert Stephenson, has thrown across 
the Menai Strait, joining Wales \Hth the Island 
of Anglesey. , The upper and under surfaces of this 
quadrangular tube are the flanges of the beam, and the 
two sides are the webs which connect them. In 
planning this wonderful structure, the point which 
required especial care was to make the upper surface 
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j^trong enough, to resist the compressive force which it 
has to sustain; and this was done by constructing the 
upper part of the beam of a series of cells, made 
of iron plate. The application of the arch, of the 
dome, and of groined vaulting, to the widest space 
over which they have ever been thrown, are achieve- 
ments which have, in the ages in which they occurred, 
been received with great admiration and applause; but 
in those cases the principle of the structure had been 
tried and ’verified for ages upon a smaller scale. Here 
not only was the space thus spanned wider than any 
ever spanned before, but the principle of such a beam, 
with a cellular structure of its parts, was invented for 
this very purpose, experimentally verified with care, 
and applied with the most exact calculation of its 
results. 


Roofs — Arclm — Vaults, 

The calculation of the mechanical conditions of struc- 
tures consisting of several beams, as for instance, the 
frames of roofs, depends upon elementary principles of 
mechanics; and was a subject of investigation at an 
early period of the science. Such frames may be 
regarded as assemblages of levers. The parts of 
which they consist are rigid beams which sustain and 
convey force, and Ties which resist such force by their 
tension. The former parts must be made rigid in the 
way just spoken of with regard to iron beams ; but 
ties may be rods merely. The wide structures of many 
of the roofs of railway stations, compared with the 
massive wooden roofs of ancient buildings, may show 
us how boldly and how successfully this distinction 
has been carried out in modem times. The investiga- 
tion of the conditions and strength of structures 
consisting of wotfden beams has been cultivated by 
Mathematicians and Engineers, and is often entitled 
Carpentry in our Mechanical Treatises. In our own 
time. Dr. Robison and Dr. Thomas Young have been 
two of the most eminent mathematicians who have 
written upon this subject. 
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The properties of the simple machines have beem 
known, as we have narrated, from the time of the 
Ancient Greeks. But it is plain that such machines 
are prevented from producing their full effect by various 
causes. Among the rest, the rubbing of one part of 
the machine upon another produces an obstacle to the 
effectiveness of a machine : for instance, the rubbing 
of the axle of a wheel in the hole in which it rests, 
the rubbing of a screw against the sides of its hollow 
screw; the rubbing of a wedge against the sides of its 
notch ; the rubbing of a cord against its pulley. Tn 
all these cases, the effect of the machine to produce 
motion is diminished by the friction. And this Friction 
may be measured and its effects calculated ; and thus 
we have a new branch of mechanics, which has been 
much cultivated. 

Among the effects of friction, we may notice the stand- 
ing of a stone arch. For each of the vaulting stones of 
an arch is a truncated wedge ; and though a collection 
of such stones might be so proportioned in their weights 
as to balance exactly, yet this balance would be a 
tottering equilibrium, which the slightest shock would 
throw down, and which would not practically subsist. 
But the friction of the vaulting stones against one 
another prevents this instability from being a practical 
inconvenience; and makes an equilibrated arch to be 
an arch strong for practical purposes. The Theory of 
Arches is a portion of Mechanics which has been much 
cultivated, and which has led to conclusions of practical 
use, as well as of theoretical beauty. 

I have already spoken of the invention of the Arch, 
the Dome, and Groined Vaulting, as marked steps in 
building. In all these cases the invention was devised 
by practical builders ; and mechanical theory, though 
it can afterwards justify these structures, did not 
originally suggest them. They are not part of the 
result, nor even of the a^lication of theory, but only 
of its exemplification. The authors of all these in- 
ventions are unkno\^n ; and the inventions themselves 
may be regarded as a part of the Prelude of the 
science of mechanics, because they indicate that the 
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ideas of mechanical pressure and support, in various 
forms, are acquiring clearness and fixity. 

In this point of view, I spoke (Book iv. chap. v. 
sect. 5) of the Architecture of the Middle Ages as 
indicating a progress of thought which led men towards 
the formation of Statics as a science. 

As particular instances of the operation of such ideas, 
we have the Flying Buttresses which support stone 
vaults ; and especially, as already noted, the various 
contrivances by which stone vaults are made to 
intersect one another, so as to cover a complex 
pillared space below with Groined Vaulting, This 
invention, executed as it was by the builders of the 
twelfth and succeeding centuries, is the most remark- 
able advance in the mechanics of building, after the 
invention of the A rch itself. 

It is curious that it has been the fortune of our 
times, among its many inventions, to have produced 
one in this department, of which we may say that it 
is the most remarkable step in the mechanics of arches 
which has been made since the introduction of pointed 
groined vaults. I speak of what are called Skew Arches, 
in which the courses of stone or brick of which the 
bridge is built run obliquely to the walls of the bridge. 
Such bridges have become very common in the works 
of railroads; for they save space and material, and the 
invention once made, the cost of the ingenuity is 
nothing. Of course, the mechanical principles involved 
in such structures are obvious to the mathematician, 
when the problem has been practically solved. And 
in this case, as in the previous cardinal inventions in 
structure,* though the event has taken place within a 
few years, no single person, so far as I am aware, can 
be named as the inventor.® 


6 Since this was written, 1 haye named Chapman. It^is there said, 
been referred to Rees’s Cyclopcediat that the first arch of this kind was 
Article /frcftes, where this erected in i787 at Naas, near 

invention is correctly explained, KildaAi in Ireland, 
and is claimed for an engineer 
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CHAPTER 1. 
Prelude to Newton. 


The Ancients > 

E xpressions in ancient writers which may be 
interpreted as indicating a notion of gravitation 
in the Newtonian sense, no doubt occur. But such a 
notion, we may be sure, must have been in the highest 
degree obscure, wavering, and partial. I have men- 
tioned (Book I, Chap. 3 ) an author who has fancied 
that he traces in the works of the ancients the origin 
of most of the vaunted discoveries of the modems. 
But to ascribe much importance to such expressions 
would be to give a false representation of the real 
progress of science. Yet some of Newton’s followers 
put forward these passages as well deserving notice ; 
and Newton himself appears to have had some pleasure 
in citing such expressions j probably with the feeling 
that they relieved him of some of the odium which, he 
seems to have apprehended, hung over new discoveries. 
The Preface to the Frincipia begins by quoting ^ the 
authority of the ancients, as well as the modems, in 
favour of applying the science of Mechanics to Natural 
Philosophy. In the Preface to David Gregory’s Astro-- 


* Cum V Acres MecTumicam (uti turae ad leges mathematicas reva- 
author est Pappm^) in rerum Na- ^ care aggressa sunt ; visum est in 
turalium invcstigatione i^iaximi hoc Tractatu Mathesin excolere 
fecerint, et recentiores, missis quatenus ea ad PhUosopkiam spec- 
formis substantialibus et quali- tat. 
tatibus occultis, Fhenomena Na- 
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nomice Pliysicce et Geometricce Elementa, published in 
1702, is a large array of names of ancient authors, and 
of- quotations, to prove the early and wide diffusion of 
the doctrine of the gravity of the Heavenly Bodies. 
And it appears to be now made out, that this collec- 
tion of ancient authorities was supplied to Gregory by 
Newton himself. The late Professor Bigaud, in his 
Historical Essay on the First Publication of Sir Isaac 
Newtons Principia, says (pp. 80 and 10 1) that having 
been allowed to examine Gregory’s papers, he found 
that the quotations given by him in his Preface are 
copied or abridged from notes which Newton had 
supplied to him in his own handwriting. Some of the 
most noticeable of the quotations are those taken from 
Plutarch’s Dialogue on the Face which appears in the 
Mooris Disk : it is there s^id, for example, by one of 
the speakers, that the Moon is perhaps prevented from 
falling to the earth by the rapidity of her revolution 
round itj as a stone whirled in a sling keej^s it 
stretched. Lucretius also is quoted, as teaching that 
all bodies would descend with an equal celerity in a 
vacuum : — 

Omnia quapropter debent per inane qnietum 

iBque ponderibus non aequis concita ferri. 

Lib. ii. V, 238. 

It is asserted in Gregory’s Prefice that Pythagoras 
was not unacquainted with the important law of 
gravity, the inverse squares of the distances from the 
centre. For, it is argued, the seven strings of Apollo’s 
lyre mean the seven .planets ; and the proportions of 
the notes of strings are reciprocally as the inverse 
squares of the weights which stretch them. 

I have attempted, throughout this work, to trace 
the progress of the discovery of the great truths which 
constitute real science, in a more precise manner than 
that which theSe interpretations of ancient ’authors 
exemplify. 
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Jeremiah llorrox. 

In describing the Prelude to the Epoch of ITewton, 
I have spoken (p. 153) of a group of philosophers in 
England who began, in first half of the seventeenth 
century, to knock at the door where Truth was to be 
found, although it was left for Newton to force it 
open ; and I have there noticed the influence of tlie 
civil wars on the progress of philosopliical studies. To 
the persons thus tending towards the true physical 
theory of the solar system, I ought to have added 
Jeremy Horrox, whom I hav^e mentioned in a former 
part (Book v. chap. 5) as one of the earliest admirers 
of Kepler’s discoveries. He died at the early age of 
twenty-two, having been the first person who ever 
saw Venus pass across the disk of the Sun according 
to astronomical prediction, which took place in 1639. 
His Venus in sole visa, in which this is described, did 
not appear till 1661, when it was published by Heve- 
lius of Dantzic. Some of his papers were destroyed 
by the soldiers in the English civil wars; and his 
remaining works were finally published by Wallis, in 
1673. The passage to which I here especially wish to 
refer is contained in a letter to his astronomical ally, 
William Crabtree, dated 1638. He appears to have 
been asked by his friend to suggest some cause for the 
motion of the aphelion of a planet ; and in reply, he 
uses an experimental illustration which was afterwards 
employed by Hooke in 1666, A ball at the end of a 
string is made to swing so that, it describes an oval. 
This contrivance Hooke employed to show the way in 
which an orbit results from the combination of a pro- 
jectile motion with a central force. But the oval does 
not keep its axis constantly in the same position. The 
apsides, as Horrox remarked, move in the same direc- 
tion as the pendulum, though mucK slcfsrer. And it is 
true, that this exj)eriment does illustrate, in a general 
way, the cause of ,the motion of the aphelia of the 
Planetary Orbits; although the form of the orbit is 
different in the experiment and in the solar system ; 
being an ellipse with the center of force in the center 
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of the ^llipse, in the former case, and an ellipse with 
the center of force in the focus, in the latter case. 
These two forms of orbits correspond to a central force 
varying directly as the distance, and a central force 
varying inversely as the square of the distance; as 
Newton proved in the Frincipia. But the illustration 
appears to show that Horrox pretty clearly saw how 
an orbit arose from a central foice. So far, and ifo 
. farther, Newton’s contemporaries could get; and then 
he had to help them onwards by showing what was 
the law of the force, and what larger truths were now 
attainable. 

Newtons Discovery of Gravitation, 

[Page 121.J As I have already remarked, men have 
a willingness to believe that great discoveries are go- 
verned by casual coincidences, and accompanied by 
sudden revolutions of feeling. Newton had enter- 
tained the thought of the moon being retained in her 
orbit by gravitation as early as T665 or 1666. He 
resumed the subject and worked the tliought out into 
a system in 1684 and 5. What induced him to return 
to the question? What led to his success on this last 
occasion ? With what feelings was the success attended ? 
It is easy to make an imaginary connexion of facts. 
‘ His optical discoveries had recommended him to the 
Royal Society, and he was now a member. He there 
learned the accurate measurement of the Earth by 
Picard, differing very much from the estimation by 
which he had made his calculation in 1666; and he 
thought his conjecture now more likely to be just.’^ 
M. Biot gives his assent to this guess.^ The English 
translation of M. Biot’s biography^ converts the guess 
into an assertion. But, says Professor Rigaud,^ Picard’s 
measurement of tlje Earth was well known to the 
Fellows of the Royal Society as early as 167^, there 
being an account of the results of it given in the 

* Robison’s Mechanical PhUoso- * Library of Useful K7iowledge, 

vol. ii5. p. 94. (Art. i95.) ® Historical Essay mi the First 

3 Biographic UniverseUe, Publication 0 / the Principia 8 
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Philosophical Transactions for that year. Mpreover, 
Norwood, in his SeammrUs Practice^ dated 1636, had 
given a much more exact measure than Newton em- 
ployed in 1666. But Norwood, says Voltaire, had 
been buried in oblivion by the civil wars. No, again 
says the exact and truth-loving Professor Rigaud, 
Norwood was in communication with the Royal So- 
ctety in 1667 and 1668. So these guesses at the acci- 
dent which made the apple of 1665 germinate in 1684, 
are to be carefully distinguished from history. 

But with what feelings did Newton attain to his 
success? Here again we have, I fear, nothing better 
than conjecture. ‘ He went home, took out his old 
papers, and resumed his calculations. As they drew 
near to a close, he was so much agitated that he was 
obliged to desire a friend to finish them. His former 
conjecture was now found to agree with the phacno- 
mena with the utmost precision.’® This conjectural 
story has been called ‘a tradition but he who relates 
it does not call it so. Every one must decide, says 
Professor Rigaud, from his view of Newton’s character, 
how far he thinks it consistent with this statement. 
Is it likely that Newton, so calm and so indifierent to 
fame as he generally showed himself, should be thus 
agitated on such an occasion? ‘No,’ says Sir David 
Brewster \ ‘ it is not supported by what we know of 
Newton’s character. To this we may assent; and 
this conjectural incident we must therefore, I conceive, 
separate from history. I had incautiously admitted it 
into the text of the first Edition. 

Newton appears to have discovered the method of 
demonstrating that a body might describe an ellipse 
when acted upon by a force residing in the focus, and 
varying inversely as the square of the distance, in 
1669, upon occasion of his correspondence with Hooke. 
In 1684, at Halley’s request, he retifrned to the subject; 
and in February, 1685, there was inserted in the Regis- 
ter of the Royal Society a paper of Newton’s {Isaaci 
Newtoni Propositiones de Motu), which contained some 


liObison, ibid. 


7 Zi/e 0/ Z'cutonf vol. i. p. 29z, 



PHYSICAL ASTRONOMY. 


453 


of the principal propositions of the first two Books of 
the Principia, This paper, however, does not contain 
the proposition ^ Lunam gravitare in Terram,’ nor any 
of the propositions of the Third Book. 


CHAPTEE III. 

The Principia. 


Sect. 2. — Reception of Principia. 

L OEB BEOXJGHAM has very recently {Analytical 
View of Sir Isaac Newton's Principia, 1855) shown 
a strong disposition still to maintain, what he says has 
frequently been alleged, that the reception of the work 
was not, even in this country, ‘such as might have been 
expected.’ He says, in explanation of the facts which 
I have adduced, showing the high estimation in which 
Newton was held immediately after the publication of 
the Principia, that Newton’s previous fame was great 
by former discoveries. This is true : but the effect of 
this was precisely what was most honourable to 
Newton’s countrymen, that they received with imme- 
diate acclamations this new and greater discovery. 
Lord Brougham adds, ‘after its appearance the Principia 
was more admired than studied;’ which is probably 
true of the Principia still, and of all great works 
of like novelty and difficulty at all times. But, says 
Lord Brougham, ‘ there is no getting over the inference 
on this head which arises from the dates of the two 
first editions. There elapsed an interval of no less 
than twenty-seven years between them.; and although 
Cotes [in his Preface] speaks of the copies having 
become scarce and in very, great demand when the 
second edition appeared in 1713, yet had this urgent 
demand been of many years’ continuance, the reprint- 
ing could never have been so long delayed.’ But Lord 
Brougham might have learnt from Sir David Brewster’s 
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Life of Newton (vol. i., p. 312), which he extol^ so em- 
phatically, that already in 1691, (only four years after 
the publication,) a copy of the Principia could hardly 
be procured, and that even at that time an improved 
edition was in contemplation ; that Newton had been 
pressed by his friends to undertake it, and had refused. 

When Bentley had induced Newton to consent that a 
new edition should be printed, he announcfs his success 
with obvious exultation to Cotes, who was to superin- - 
tend the work. And in the mean time t\\Q Astronomy 
of David Gregory, published in 1702, showed in every 
page how familiar the Newtonian doctrines were to 
Englisli philoso})hers, and tended to make them more 
so, as the sermons of Bentley liimself had done in 1692. 

Newton’s Cambridge contemporaries were among 
those who took a part in bringing the Principia before 
the world. The manuscript draft of it was conveyed 
to the Royal Society (April 28, 1686) by Dr. Yincent, 
Fellow of Clare Hall, who was the tutor of Whiston, 
Newton’s deputy in his professorship; and he, in pre- 
senting the work, spoke of the novelty and dignity of 
the subject. Tliere exists in the library of the Uni- 
versity of Cambridge a manuscript containing the early 
Propositions of the Principia as far as Prop, xxxiii.; 
(which is a part of Section vii., about Falling Bodies). 
This appears to have been a transcript of Newton’s 
Lectures, delivered as Lucasian Pi-ofcssor : it is dated 
October, 1684. 

Is Gravitation proportional to Quantity of Matter ? 

It was a portion of Newton’s assertion in his great 
discovery, that all the bodies of the universe attract * 
each other with forces which are as the quantity oj 
matter in each : that is, for instance, the sun attracts 
the satellites of any planet just as much as he attracts 
the planet itself, in proportion to the quantity of matter 
in each ; and the planets* attract one another just as 
much as they attract the sun, according to the quantity 
of matter. 

To prove this part of the law exactly is a matter 
which requires careful experiments; and though proved 
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experi mental Ij by Newton, has been considered in our 
time worthy of re-examination by the great astronomer 
Bessel. There was some ground for doubt; for the 
mass of J upiter, as deduced from the perturbations of 
Saturn, was only -po 7TF mass of the Sun ; the mass 
of the same planet as deduced from the perturbations 
of J uno and Pallas was y 

difference were to be conhrraed by accurate observa- 
tions and calculations, it would follow that the attrac- 
tive power exercised by Jupiter upon the minor planets 
was greater than that exercised upon Saturn. And in 
the same way, if the attraction of the Earth had any 
specific relation to different kinds of matter, the time 
of oscillation of a pendulum of equal length composed 
wholly or in part of the two substances would be dif- 
ferent. If, for instance, it were more intense for mag- 
netized iron than for stone, the iron pendulum would 
oscillate more quickly. Bessel showed ^ that it was 
possible to assume hypothetically a constitution of the 
sun, planets, and their appendages, such that the 
attraction of the Sun on the Planets and Satellites 
should be proportional to the quantity of matter in 
each; but that the attraction of the Planets on one 
another would not })e on the same scale, 

Newton had made experiments (described in the 
Principia, Book iii., Prop, vi.) by which it was shown 
that there could be no considerable or palpable amount 
of such specific difference among terrestrial bodies, but 
his experiments could not be regarded as exact enough 
for the requirements of modern science. Bessel insti- 
tuted a laborious series of experiments (presented to 
the Berlin Academy in 1832) which completely dis- 
proved the conjecture of such a difference; every sub- 
stance examined having given exactly the same coeffi- 
cient of gravitating intensity as compared with inertia. 
Among the subsj^ances examined Were metallic and 
stony masses of meteoric origin, which might be sup- 
posed, if any bodies could, to come from other parts of 
the solar system. 


^ Berlin Mem. 18 ^ 4 . 
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CHAPTER IV. 

Verification and Completion of the Newtonian 
Theory. 


Tables of tlie Moon and Planets, 

T he Newtonian discovery of Universal Gravitation, 
so remarkable in other respects, is also remarkable 
as exemplifying the immense extent to which the veri- 
fication of a great ti*uth may be carried, the amount of 
human labour which may be requisite to do it justice, 
and the striking extension of human knowledge to 
which it may lead. I have said that it is remarked 
as a beauty in the first fixation of a theory that its 
measures or elements are established by means of a few 
data; but that its excellence when established is in the 
number of observations which it explains. The mul- 
tiplicity of observations which are explained by astro- 
nomy, and which are made because astronomy explains 
them, is immense, as I have noted in the text. And 
the multitude of observations thus made is employed 
for the purpose of coiTecting the first adopted elements 
of the theory. I have mentioned some of the examples 
of this process : T might mention many others in order 
to continue the history of this part of Astronomy up 
to the present time. But I will notice only those 
which seem to me the most remarkable. 

In 1812, Burckhardt’s Tables dela Lune were pub- 
lished by the French Bureau des Longitudes. A com- 
parison of these and Burg’s with a considerable number 
of observations gave 9-iooths of a second as the mean 
errour of the former in the Moon’s Iqngitude, while the 
mean errour of Burg’s was i8-iooths. The preference 
was therefore accorded to Burckhardt’s. 

Yet the Lunar Tables were still as much as thirty 
seconds wrong in single observations. This circum- 
stance, and Laplace’s expressed wish, induced the 
French Academy to offer a prize for a complete and 



PHYSICAL ASTRONOMY, 


4 if 7 

purelyi theoretical determination of the Lunar path, 
instead of determinations resting, as hitherto, partly 
upon theory and partly upon observations. In 1820, 
two prize essays appeared, the one by Damoiseau, the 
other by Plana and Carlini. And some years after- 
wards (in 1824, and again in 1828), Damoiseau pub- 
lished Tables de la Lune formees sur la seule Theorie 
d' Attraction, These agree very closely with observa- 
tion. That we may form some notion of the complexity 
of the problem, I may state that the longitude of the 
Moon is in these Tables affected by no fewer than forty- 
seven equations; and the other quantities which deter- 
mine her place are subject to inequalities not much 
less in number. 

Still I had to state in the second Edition published 
in 1847, there remained an unexplained discord- 
ance between theory and observation in the motions 
of the Moon ; an inequality of long period as it seemed, 
which the theory did not give. 

A careful examination of a long series of the best 
observations of the Moon, compared throughout with 
the theory in its most perfect form, would afford the 
means both of correcting the numerical elements of 
the theory, and of detecting the nature, and perhaps 
the law, of any still remaining discrepancies. Such a 
work, however, required vast labour, as well as great 
skill and profound mathematical knowledge. Mr. 
Airy undertook the task ; employing for that purpose, 
the Observations of the Moon made at Greenwich from 
1750 to 1830. Above 8000 observed places of the 
Moon were compared with theory by the computation 
of the same number of places, each separately and inde- 
pendently calculated from Plana’s Formulae. A body 
of calculators (sometimes sixteen), at the expense of the 
British Government, was employed for about eight years 
in this work. When we take this in conjunction with 
the labour which the observations themselves imply, it 
may serve to show on what a scale the verification of the 
Newtonian theory has been conducted. The first results 
of this labour were published in two quarto volumes ; 
the final deductions as to correction of elements, <fec. 
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were given in the Memoirs of the Astronomical j^ociety 
in 1848.^ 

Even while the calculations were going on, it be- 
came apparent that there were some differences between 
the observed places of the Moon, and the theory so far 
as it had then been developed. M. Hansen, an eminent 
German mathematician who had devised new and 
powerful methods for the mathematical determination 
of the results of the law of gravitation, was thus led to 
explore still further the motions of the Moon in pur- 
suance of this law. The result was that he found 
there must exist two lunar inequalities, hitherto not 
known; the one of 273, and the other of 239 years, 
the co-efficients of which are respectively 27 and 23 
seconds. Both these originate in the attraction of 
Yenus; one of them being connected with the long 
inequality in the Solar Tables, of which Mr. Airy 
had already ])roved the existence, as stated in Chap, 
vi. Sect. 6 of this Book. 

These inequalities fell in with the discrepancies 
between the actual observations and the previously 
calculated Tables, which Mr. Airy had discovered. 
And again, shortly afterwards, M. Hansen found that 
there resulted from the theory two other new equa- 
tions of the Moon; one in latitude and one in 
longitude, agreeing with two which were found by 
Mr. Airy in deducing from the observations the correc- 
tion of the elements of the Lunar Tables. And again, a 
little later, there was detected by these mathematicians 
a theoretical correction for the motion of the Node 
of the Moon's orbit, coinciding exactly with one 
which had been found to appear in the observations. 

Nothing can more strikingly exhibit the confirma- 
tion which increased scrutiny brings to light between 
the Newtonian theory on the one hand, and the celes- 

' The total expense of com- •• for the heavy part of calculations 
puters, to the end of reading the only, was thirty -six years of one 
proof-sheets, was 4 3oo2. computer. This was somewhat 

Mr. Airy’s estimate of days’ exceeded, but not very greatly, in 
works (made before beginning), that part. 
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tial imjptions on the other. We have here a very large 
mass of the best observations which have ever been 
made, systematically examined, with immense labour, 
and with the set purpose of correcting at once all the 
elements of the Lunar Tables. The corrections of the 
elements thus deduced imply of course some errour 
in the theory as previously developed. But at the 
same time, and with the like determination thoroughly 
to explore the subject, the theory is again pressed to 
yield its most complete results, by the invention of 
new and powerful mathematical methods; and the 
event is, that residual errours of the old Tables, 
several in number, following the most diverse laws, oc- 
curring in several detached parts, agree with thp residual 
results of the Theory thus newly extracted from it. 
And thus every additional exactness of scrutiny into 
the celestial motions on the one hand and the New- 
tonian theory on the other, has ended, sooner or later, 
in showing the exactness of their coincidence. 

The com])arison of the theory with observation in 
the case of the motions of the Planets, the motion of 
each being disturbed by the attraction of all the others, 
is a subject in some respects still more com])licated and 
laborious. This work also was undertaken by the same 
indefatigable astronomer; and here also his materials be- 
longed to the same period as before ; being the admirable 
observations made at Greenwich from 1750 to 1830, 
during the time that Bradley, Maskelyne, and Pond 
were the Astronomers lloyal.^ These Planetary obser- 
vations were deduced, and the observed places were 
compared with the tabular places: with Lindenau’s 
Tables of Mercury, Venus, and Mars; and with Bou- 
vard’s Tables of Jupiter, Saturn, and Uranus: and 
thus, while the received theory and its elements were 

2 The observations stars made in which he held those materials : 
by Bradley, who preceded Maske- Fimdammta Astronomim pro anno 
lyne at Greenwich, had already* i755. deducta ex Observationihus 
been discussed by Bessel, a great viri i^comparnhilis James Bradley 
German astronomer ; and the re- in specula Astronomica Grenovi- 
suits published in 1818 , with a title censi per annos i75o-i7(5z insti- 
that well showed the estimation ttUis. 
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confirmed, the means of testing any impro^Bment 
'which may hereafter be proposed, either in the form 
of the theoretical results or in the constant elements 
'W’hich they involved, "was placed within the reach 
of the astronomers of all future time. The work 
appeared in 1845; expense of the compilations 
and the publication being defrayed by the British 
Government. 


The Discovery of Neptune, 

The theory of gravitation was destined to receive a 
confirmation more striking than any which could arise 
from any explanation, however perfect, given by the 
motions of a known planet ; namely, in revealing the 
existence of an unknown planet, disclosed to astronomers 
by the attraction which it exerted upon a known one. 
The story of the discovery of Neptune by the calcula- 
tions of Mr. Adams and M. Le Verrier was partly told 
in the former edition of this History. I had there 
stated (vol. ii. p. 306) that a deviation of observation 
from the theory occurs at the very extremity of the 
solar system, and that its existence appears to be 
beyond doubt. Uranus does not conform to the Tables 
calculated for him on the theory of gravitation. In 
1821, Bouvard said in the Preface to the Tables of 
this Planet, ‘the formation of these Tables offers to us 
this alternative, that we cannot satisfy modern obser- 
vations to the requisite degree of precision without 
making our Tables deviate from the ancient obser- 
vations.’ But when we have done this, there is still a 
discordance between the Tables and the more modern 
observations, and tins discordance goes on increasing. 
At present the Tables make the Planet come upon the 
meridian about eight seconds later than he really does. 
This discrepancy has turned the thoughts of astro- 
nomers to the effects which .would result from a planet 
external to Uranus.^ It appears that the observed 
motion would be explained by api)lying a planet at 
twice the distance of Uranus ff’om the Sun to exercise 
a disturbing force, and it is found that the present 
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longitude of this disturbing body must be about 325 
degrees. 

I added, ‘M. Le Verriej {Gomptea EenduSy Jan. i, 
1846) and, as I am informed by the Astronomer 
Royal, Mr. Adams, of St. John’s College, Cambridge, 
haVe both arrived independently at this result.* 

To this Edition I added a Postscript, dated Nov. 7, 
i8i6, in which I sajd: — 

/* The planet exterior to Uranus, of which the exist- 
ence was inferred by M. Le Verrier and Mr; Adams 
from the motions of Uranus (vol. ii. Note (l.) ), has 
since been discovered. This confiimation of calculations 
founded upon the doctrine of universal gi*avitation, 
j[nay be looked upon as the most remarkable event of 
the kind since the return of Halley’s comet in 1757; 
and in some respects, as a more striking event even 
than that; inasmuch as the new planet had never 
been seen at all, and was discovered by mathematicians 
entirely by their feeling of its influence, which they 
perceived through the organ of mathematical calcu- 
lation. 

‘There can be no doubt that to M. Le Verrier 
belongs the glory of having first published a predic- 
tion of the place and appearance of the new planet, 
and of having thus occasioned its discovery by astro- 
nomical observers. M. Le Terrier’s first prediction 
was published in the Cmnptes Rendus de V Acad, dea 
Sciences j for June i, 1846, (not Jan, i, as erroneously 
printed in my Note.) A subsequent paper on the 
subject was read Aug. 31. The planet was seen by 
M. Galle, at the Observatory of Berlin, on Sep- 
tember 23, on which day he had received an express 
application from M. Le Verrier, recommending him to 
endeavour to recognize the stranger by its having a 
visible disk. Professor Challis, at the Observatory of 
Cambridge, was iooking out for the new planet from 
July 29, and saw it on Aug. 4, and again on Aug. 12, 
but without recognizing it, in consequence of his plan 
of not comparing his observations till he had accumu- 
lated a greater number of them. On Sept. 29, having 
read for the first time M. Le Terrier’s second paper, 
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he altered his plan, and paid attention to the physical 
appearance rather than the position of the star. On 
that very evening, not having then heard of M. 
Galle’s discovery, he singled out the star by its seeming 
to have a disk. 

‘M. Le Verrier’s mode of discussing the circum- 
stances of Uranus’s motion, and inferring the new 
planet from these circumstances, is in the highest 
degi’ee sagacious and masterly. Justice to him cannot 
require that the contemporaneous, though unpublished, 
labours of Mr. Adams of St. John’s College, Cambridge, 
should not also be recorded. Mr. Adams made his 
hrst calculations to account for the anomalies in the 
motion of Uranus, on the hypothesis of a more distant^ 
planet, in 1843. he had not taken into account 

the earlier Greenwich observations; but these were 
supplied to him by the Astronomer Royal, in 1844. 
In September, 1845, Mr. Adams communicated to 
Prof. Challis values of the elements of the suj)posed 
disturbing body; namely, its mean distance, mean 
longitude at a given epoch, longitude of perihelion, 
eccentricity of orbit, and mass. In the next month, 
he communicated to the Astronomer Royal values of 
the same elements, somewhat corrected. The note 
(l), vol. ii., of the present work {2nd Ed.), in which the 
names of MM. Le Verrier and Adams are mentioned 
in conjunction, wjis in the press in August, 1846, a 
month before the planet was seen. As I have stated 
in the text, Mr. Adams and M. Le Verrier assigned 
to the unseen planet nearly the same position ; they 
also assigned to it nearly the same mass; namely, 2^ 
times the mass of Uranus. And hence, supposing the 
density to be not gi*eater than that of Uranus, it fol- 
lowed that the visible diameter would be about 3", an 
apparent magnitude not mueh smaller than Uranus 
himself. 

‘M. Le Verrier has mentioned for the new planet 
the name Neptunus ; and probably, deference to his 
authority as its discoverer will obtain general currency 
for this name.’ 

Mr. Airy lias given a very complete history of the 
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circuirjbtances attending the discovery of Neptune, in 
the Memoirs of the Astronomical Socjiety (read Novem- 
ber 13, 1846). In this he shows that the probability of 
some disturbing body beyond Uranus had suggested 
itself to M. A. Bouvard and Mr. Hnssey as early as 
1834. Mr. Airy himself then thought that the time 
was not ripe for making out the nature of any external 
action on the planets. But Mr. Adams soon afterwards 
proceeded to work at the problem. As early as 
1841 (as he himself informs me) he conjectured the 
existence of a planet exterior to Uranus, and recorded 
in a memorandum his design of examining its effect; 
but deferred the calculations till he had completed his 
preparations for the University examination which he 
was to undergo in January, 1843, in order to receive 
the Degree of Bachelor of Arts. He was the Senior 
Wrangler of that occasion, and soon afterwards pro- 
ceeded to carry his design into effect ; applying to the 
Astronomer Boyal for recorded observations which 
might aid him in his task. On one of the last days of 
October, 1845, Mr. Adams went to the Observatory at 
Greenwich ; and finding the Astronomer Boyal abroad, 
he left there a paper containing the elements of the 
extra-Uraiiian Planet : the longitude was in this paper 
stated as 323^ degrees. It was, as we have seen, in 
June, 1846, that M. Le Yerrier’s Memoir appeared, 
in which he assigned to the distributing body a longi- 
tude of 325 degrees. The coincidence was striking. ‘I 
cannot sufficiently express,’ says Mr. Airy, ‘ the feeling 
of delight and satisfaction which I received from the 
Memoir of M. Le Yerrier.’ This feeling communicated 
itself to others. Sir John Herschel said in September, 

1 846, at a meeting of the British Association at South- 
ampton, ‘We see it (the probable new planet) as 
Columbus saw America from the shores^ of Spain. Its 
movements have •been felt, trembling along^ the far- 
reaching line of our analysis, with a certainty hardly 
inferior to that of ocular demonstration.’ 

In truth, at the moment when ’this was uttered, the 
new Planet had already been seen by Professor 
Challis ; for, as we have said, he had seen it in the 
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early part of August. He had included it in Ijiie net 
which he had cast among the stars for this very pur- 
pose; but employing a slow and cautious process, he 
had deferred for a time that examination of his capture 
which would have enabled him to detect the object 
sought. As soon as he received M. Le Verrier’s paper 
of August 31 on September 29, he was so much im- 
pressed with the sagacity and clearness of the limita- 
tions of the field of observation there laid down, that 
he instantly changed his plan of observation, and noted 
the planet, as an object having a visible disk, on the 
evening of the same day. 

In this manner the theory of gravitation predicted 
and produced the discovery. Thus to predict unknown 
facts found afterwards to be true, is, as I have said, a 
confirmation of a theory which in impressiveness and 
value goes beyond any explanation of known facts. It 
is a confirmation which has only occurred a few times 
in the history of science; and in the case only of the 
most refined and complete theories, such as those of 
Astronomy and Optics. The mathematical skill which 
was requisite in order to arrive at such a discovery, 
may in some measure be judged of by the account which 
we have had to give of the previous mathematical pro- 
gress of the theory of gravitation. It there appeared 
that the lives of many of the most acute, clear-sighted, 
and laborious of mankind, had been employed for gene- 
rations in solving the problem, Given the planetary 
bodies, to find their mutual perturbations : but here we 
have the inverse problem ; Given the perturbations, to 
find the planets.^ 


3 This may be called the inverse tion is given to find the force, are 
problem with reference to the spoken of as containing the Direct 
older and more familiar problem ; Problem of Central Forces : the 
but we may remark that the usual Eighth Section of the First Book, 
phraseology ©f the Problem of Cen- where the Force is given to find 
tral Forces differs from this ana- • the orbit, is spoken of as contain- 
logy. In Newton’s Prineij^a, the ing the Inverse Problem of Cen- 
earlier Sections, in which the mo- tral Forces. 
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The Minor Planets, 

The discovery of the Minor Planets which revolve 
between the orbits of Mars and Jupiter was not a 
consequence or confirmation of the Newtonian theory. 
That theory gives no reason for the distance of the 
Planets from the Sun ; nor does any theory yet devised 
give such reason. But an empirical formula proposed 
’ by the Astronomer Bode of Berlin, gives a law of these 
distances {Bode's Law), which, to make it coherent, 
requires a planet between Mars and Jupiter. With 
such an addition, the distance of Mercury, Yenus, 
Earth, Mars, the Missing Planet, Jupiter, Saturn, and 
Uranus, are nearly as the numbers 

4. 7. 16, 28, 52, 100, 196, 

in which the excesses of each number above the 
preceding are the series 

3, 3, 6, 12, 24, 48, 96. 

. On the strength of this law the Germans wrote on the 
long-expected Planet, and formed themselves into asso- 
ciations for the discovery of it. 

Not only did this law stimulate the inquiries for the 
Missing Planet, and thus lead to the discovery of the 
Minor Planets, but it had also a share in the discovery 
of Neptune. According to the law, a planet beyond 
Uranus may be expected to be at the distance repre- 
sented by 388. Mr. Adams and M. Le Yerricr both 
of them began by assuming a distance of nearly this 
magnitude for the Planet which they sought; that 
is, a distance more than 38 times the earth’s dis- 
tance. It was found afterwards that the distance 
of Neptune is only 30 times that of the earth ; yet 
the assumption was of essential use in obtaining the 
result : and Mr. Airy remarks that the history of the 
discovery shows thS importance of using any received 
theory as far as it will go, even if the theory can claim 
no higher merit than that of being plausible.^ 

4 Account of the Discovery of Neptune, &c , Mem.Ast. Soc.y vol. xvi. 
p. 414. 

VOL. II. 
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The discovery of Minor Planets in a certain region 
of the interval between Mars and Jupiter Iras gone 
on to such an extent, that their number makes them 
assume in a peculiar manner the character of represen- 
tatives of a Missing Planet. At first, as I have said in 
the text, it was supposed that all these portions must 
pass through or near a common node; this opinion 
being founded on the very bold doctrine, that the 
portions must at one time have been united in one 
Planet, and must then have separated. At this node,’ 
as I have stated. Gibers lay in wait for them, as for 
a hostile army at a defile. Ceres, Pallas, and Juno had 
been discovered in this way in the period from 1801 
to 1804; and Vesta was caught in 1807. For a time 
the chace for new planets in this region seemed to have 
exhausted the stock. But after thirty-eight years, to 
the astonishment of astronomers, they began to be 
again detected in extraordinary numbers. In 1845, 
M. Hencke of Driessen discovered a fifth of these 
planets, which was termed Astroea. In various quarters 
the chace was resumed with great ardour. In 1847 
were found Hebe, Iris, and Flora; in 1848, Metis; 
in 1849, Hygma; in 1850, Parthenope, Victoria, and 
Egeria ; in 1 851, Irene and Eunomia ; in 1852, Psyche, 
Thetis, Melpomene, Fortuna, Massilia, Lutetia, Cal- 
liope. To these we have now (at the close of 1856) 
to add nineteen others ; making up the whole number 
of these Minor Planets at present known to forty-two. 

As their enumeration will show, the ancient practice 
has been continued of giving to the Planets mytho- 
logical names. And for a time, till the numbers 
became too great, each of the Minor Planets was 
designated in astronomical books by some symbol 
appropriate to the character of the mythological person ; 
as from ancient times Mars has been denoted by a 
mark indicating a spear, and Venus by one represent- 
ing a looking-glass. Thus, when a Minor Planet was 
discovered at London in 1851, the year in which the 
peace of the world*was, in a manner, celebrated by the 
Great Exhibition of the Products of All Nations, held 
at that metropolis, the name Irene was given to the 
new star, as a memorial of the auspicious time of its 
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discovely. And it was agreed, for a while, that its 
symbol hhoTild be a dove with an olive branch. But 
the vast multitude of the Minor Planets, as discovery 
went on, made any mode of designation, except a 
numerical one, practically inconvenient. They are 
now denoted by a small circle inclosing a figure in the 
order of their discovery. Thus, Geres is , Irene is 
( 1 ^, and Isis is . 

The rapidity with which these discoveries were 
made was owing in part to the formation of star-maps, 
in which all known fixed stars being represented, the 
existence of a new and moveable star might be recog- 
nised by comparison of the sky with the map. These 
maps were first constructed by astronomers of different 
countries at the suggestion of the Academy of Berlin ; 
but they have since been greatly extended, and now in- 
clude much smaller stars than were originally laid down. 

I will mention the number of planets discovered in 
each year. After the start was once made, by Hencke’s 
discovery of Astrsea in 1845, same astronomer 
discovered Hebe in 1847 ; and in the same year Mr. 
Hind, of London, discovered two others. Iris and 
Flora. The years 1848 and 1849 supplied one; 
the year 1850, three ; 1851, two; 1852 was marked by 
the extraordinary discovery of eight new members of the 
planetary system. The year 1853 supplied four; 1854, 
six; 1855, four; and 1856 has already given us five. 

These discoveries have been distributed among the 
observatorias of Europe, The bright sky of Naples 
has revealed seven new planets to the telescope of 
Signor Gbsparis. Marseilles has given us one ; Ger- 
many, four, discovered by M. Luther at Bilk; Paris 
has furnished seven ; and Mr. Hind, in Mr. Bishop’s 
private observatory in London, notwithstanding our 
turbid skies, has discovered no less than ten planets ; 

and there also Mr. Marth discovered @) Amphitritc. 
Mr. Graham, at the private observatory of Mr, Cooper 
in Ireland, discovered (9^ Metis. 

America has supplied its planet, namely @ Eu- 
H H 2 
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phrosyne, discovered by Mr. Ferguson at Waslington j 
and the most recent of these discoveries is that by Mr. 
Pogson of Oxford, .who has found the forty-second of 
these Minor Planets, which has been named Isis.^ 

I may add that it appears to follow from the best 
calculations that the total mass of all these bodies is 
very small. Herschel reckoned the diameters of Ceres 
at 35, and of Pallas at 26 miles. It has since been 
calculated® that some of them arc smjxller still;, 
Victoria having a diameter of 9 miles, Lutetia of 
8, and Atalanta of little more than 4. It follows 
from this that the whole mass would probably be 
less than the sixth part of our moon. Hence their 
perturbing effects on each other or on other planets 
are null ; but they are not the less disturbed by 
the action of the other planets, and especially of 
Jupiter. 

Anomalies in the Action of Gravitation. 

The complete and exact manner in which the doc- 
trine of gravitation explains the motions of the Comets 
as well as of the Planets has made astronomers very 
bold in proposing hypotheses to account for any devia- 
tions from the motion which the theory requires. 
Thus Encke’s Comet is found to have its motion 
accelerated by about one-eighth of a day in every revo- 
lution. This result was conceived to be established by 
former observations, and is confirmed by the facts of 
the appearance of 185 2.7 The hypothesis which is 
proposed in order to explain this result is, that the 
Comet moves in a resisting medium, which makes it 
fall inwards from its path, towards the Sun, and thus, 
by narrowing its orbit, diminishes its periodic time. 
On the other hand, M. Le Yerrier has found that 
Mercury’s mean motion has gone on diminishing; as 
if the planet were, in the progress tof his revolutions, 
receding further from the Sun. This is explained^ 
if we suppose that there is, in the region of Mercury, 


s T take this list ft'orn a Memoir of M. Bruhns, Berlin, i856. 
6 Bruhns, as above. 7 jBcrlin Memoirs, 1854. 
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a resisfcjiig medium which moves round the Sun in 
the san^a direction as the Planets move. Evidence 
of a kind of nebulous disk surrounding the Sun, and 
extending beyond the orbits of Mercury and Yenus, 
appears to be afforded us by the phenomenon called 
the Zodiacal Light; and as the Sun itself rotates 
on its axis, it is most probable that this kind of 
atmosphere rotates also.® On the other hand, M. 
Le Yerrier conceives that the Comets which now 
revolve within the ordinary planetary limits have 
not always done so, but have been caught and detained 
by the Planets among which they move. In this way 
the action of J upiter has brought the Comets of Faye 
and Yico into their present limited orbits, as it drew 
the Comet of Lexell out of its known orbit, when the 
Comet passed over the Planet in 1779, since which 
time it has not been seen. 

Among the examples of the boldness with which 
astronomers assume the doctrine of gravitation even 
beyond the limits of the solar system to be so entirely 
established that hypotheses may and must be assumed 
to explain any apparent irregularity of motion, we 
may reckon the mode of accounting for certain sup- 
posed irregularities in the proper motion of Sirius, 
which has been proposed by Bessel, and which M. 
Peters thinks is proved to be true by his recent 
researches {Astr. Nach. xxxi. p. 219, and xxxii. p. i.) 
The hyi)othesis is, that Sirius has a companion star, 
dark, and therefore invisible to us ; and that the two, 
revolving round their common center as the system 
moves on, the motion of Sirius is seen to be sometimes 
quicker and sometimes slower. 

The EartKs Density. 

‘Cavendish’s experiment,’ as it is commonly called — 
the measure of the* attractions of manageable, masses 
by the torsion balance, in order to determine the density 
of the Earth — has been repeated recently by Professor 
Reich at Freiberg, and by Mr. Baily in England, with 


8 M. Le Verrier, AnnaleB de VOhs. de Paris, vol i. p. 89. 
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great attention to the means of attaining aicnracj. 
Professor Reich’s result for the density of the Earth is 
5*44 ; Mr. Baily’s is 5*92. Cavendish’s result was 5*48 ; 
according to recent revisions^ it is 5*52, 

But the statical effect of the attraction of manageable 
masses, or even of mountains, is very small. The effect 
of a small change in gravity may be accumulated by 
being constantly repeated in the oscillations of a pen- 
dulum, and thus may become perceptible. Mr. Airy 
attempted to determine the density of the Earth by a 
method depending on this view. A pendulum oscil- 
lating at the surface was to be compared with an equal 
pendulum at a great depth below the surface. The 
difference of their rates would disclose the different 
force of gravity at the two positions; and hence, the 
density of the Earth. In 1826 and 1828, Mr. Airy 
attempted this experiment at the copper mine of 
Dolcoath in Cornwall, but failed from various causes. 
But in 1854, he resumed it at the Harton coal mine 
in Durham, the depth of which is 1260 feet; having 
in this new trial, the advantage of transmitting the 
time from one station to the other by the instan- 
taneous effect of galvanism, instead of by portable 
watches. The result was a density of 6 *56 ; which is 
much larger than the preceding results, but, as Mr. 
Airy holds, is entitled to compete with the others on 
at least equal terms. 

Tides. 

I should be wanting in the expression of gratitude 
to those who have practically assisted me in Researches 
on the Tides, if I did not mention the grand series of 
Tide Observations made on the coast of Europe and 
America in June 1835, through the authority of the 
Board of Admiralty, and the interposition of the late 
Duke of Wellington, at that time Foreign Secretary. 
Tide observations were made for a fortnight at all the 
Coast-guard stations of Great Britain and Ireland in 
June 1834; and these were repeated in June 1835, 


* The calculation has been revised by M. Edward Schmidt. Hum- 
boldt’s Komost ii. p. 4^5. 
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with dbrresponding observations on all the coasts of 
Europ<^ from the North Cape of Norway to the Straits 
of Gibraltar; and from the mouth of the St. Lawrence 
to the mouth of the Mississippi. The results of these 
observations, which were very complete so far as the 
coast tides were concerned, were given in the Phi- 
losophical Transactions for 1836. 

Additional aiccuracy respecting the Tides of the Noi*th 
American coast may be expected from the survey now 
going on under the direction of Superintendent A. 
Bache. The Tides of the English Channel have been 
further investigated, and the phenomena presented 
under a new point of view by Admiral Beecliey. 

The Tides of the Coast of Ireland have been examined 
with great care by Mr. Airy. Numerous and careful 
observations were made with a view, in the first instance, 
of determining wliafc was to be regarded as ‘ the Level 
of the Sea;’ but the results were discussed so as to bring 
into view the laws and progress, on the Irish coast, of 
the various inequalities of the Tides mentioned in 
Chap. iv. Sect. 9 of this Book. 

1 may notice as one of the curious results of the 
Tide Observations of 1836, that it appeared to me, 
from a comparison of the Observations, that there must 
be a point in the German Ocean, about midway between 
Lowestoft on the Engli.sh coast, and the Brill on the 
Dutch coast, where the tide would vanish : and this 
was ascertained to be the case by observation; the 
observations being made by Captain Hewett, then 
employed in a survey of that sea. 

Cotidal Lines supj)ly,as I conceive, a good and simple 
method of representing the progress and connexion of 
littoral tides. But to draw cotidal lines across oceans, 
is a very precarious mode of representing the facts, 
except we had much more knowledge on the subject 
than we at present possess. In the Phil. Trans, for 
1848, I have resumed the subject of the Tides of the 
Pacific; and I have there* expressed my opinion, that 
while the littoral tides are produced by progressive 
waves, the oceanic tides are more of the nature of sta- 
tionary undulations. 
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But many points of this kind might be decided, and 
our knowledge on this subject might be broug)Et to a 
condition of completeness, if a ship or ships were 
sent expressly to follow the phenomena of the Tides 
from point to point, as the observations themselves 
might suggest a course. Till this is done, our know- 
ledge cannot be completed. Detached and casual 
observations, made olvud agendo, can never carry us 
much beyond the point where we at present are. 

Dovhle Stars. 

Sir John Herschel’s work, referred to in the History 
(2ndEd.)as then about to appear, was published in 1847.^® 
In this work, besides a vast amount of valuable observa- 
tions and reasonings on other subjects (as Nebulae, the 
Magnitude of Stars, and the like), the orbits of several 
double stars are computed by the aid of the new obser- 
vations. But Sir John Ilerschers conviction on the 
point in question, the operation of the Newtonian law 
of gravitation in the region of the stars, is exj)ressed 
perhaps more clearly in another woik which he pub- 
lished in 1849.^^ He there speaks of Double Stars, and 
especially of gamma Virginis, the one which has been 
most assiduously watched, and has offered phenomena 
of the greatest interest.^^ He then finds that the two 
components of this star revolve round each other in a 
period of 182 years; and says that the elements of the 
calculated orbit represent the whole series of recorded 
observations, comprizing an angular movement of nearly 
nine-tenths of a complete circuit, both in angle and 
distance, with a degree of exactness fully equal to that 
of observation itself. ‘No doubt can therefore,’ he 
adds, ‘remain as to the prevalence in this remote 
system of the Newtonian Law of Gravitation.’ 

Yet M. Yvon de Villarceau has endeavoured to 


Results cf Astronomical Ohser- *face of the visible Heavens com- 
vations vmde during the ^years menced in i^zS. 

1 8 34 , 5 , 6 , 7 , 8 , the Cape of Good Outlines of Astronomy. 

Hope, being the completion of a Out. 844 * 

Tetoscopic Survey of the whole Sur- 
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show ^3 that this conclusion, however probable, is not 
yet proved. He holds, even for the Double Stars, which 
have been most observed, the observations are only 
equivalent to seven or eight really distinct data, and 
that seven data are not sufficient to determine that an 
ellipse is described according to the Newtonian law. 
Without going into the details of this reasoning, I may 
remark, that the more rapid relative angular motion 
of the components of a Double Star when they are 
more near each other, proves, as is allowed on all 
hands, that they revolve under the influence of a 
mutual attractive force, obeying the Keplerian Law of 
Areas. But that, whether this force follows the law of 
the inverse square or some other law, can hardly have 
been rigorously proved as yet, we may easily conceive, 
when we recc^ect the manner in which that law was 
proved for the Solar System. It was by means of an 
errour of eight minutes^ observed by Tycho, that Kepler 
was enabled, as he justly boasted, to reform the scheme 
of the Solar System, — to show, that is, that the planetary 
orbits are ellipses with the sun in the focus. Now, the 
obseiwations of Double Stars cannot pretend to such 
accuracy as this; and therefore the Keplerian theorem 
cannot, as yet, have been fully demonstrated from those 
observations. But when we know that Double Stars 
are held together by a central force, to prove that this 
force follows a diflerent law from the only law which 
has hitherto been found to obtain in the universe, and 
which obtains between all the known masses of the 
universe, would require very clear and distinct evi- 
dence, of which astronomers have as yet seen no trace. 


CHAPTEE VI. 


Sect. Instruments. — 2. Clocks.^ 

I N page 210, I have described the manner in which 
astronomers are able to observe the transit of a star, 
and other astronomical phenomena, to the exactness of 

^3 Conmissance des Temps, for i 8 Sz; published in 1849. 
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a tenth of a second of time. The mode of observation 
there described implies that the observer at the mc/ment 
of observation compares the impressions of the eye 
and of the ear. Now it is found that the habit 
which the observer must form of doing this operates 
differently in different observers, so that one observer 
notes the same fact as happening a fraction of a second 
earlier or later than another observer does ; and this in 
every case. Thus, using the term equation, as we use 
it in Astronomy, to express a correction by which we 
get regularity from irregularity, there is a 'personal 
equat ion belonging to this mode of observation, showing 
that it is liable to errour. Can this errour be got rid of ^ 

It is at any rate much diminished by a method of 
observation recently introduced into observatories, and 
first practised in America. The essen|jal feature of 
this mode of observation consists in combining the 
impression of sight with that of touch, instead of with 
that of hearing. The observer at the moment of obser- 
vation presses with his finger so as to make a mark on 
a machine which by its motion measures time with 
great accuracy and on a large scale; and thus small 
intervals of time are made visible. 

A universal, though not a necessary, part of this 
machinery, as hitherto adopted, is, that a galvanic 
circuit has been employed in conveying the impres- 
sion from the finger to the part where time is measured 
and marked. The facility with which galvanic wires 
can thus lead the impression by any path to any dis- 
tance, and increase its force in any degree, has led to 
this combination, and almost identification, of observa- 
tion by touch with its record by galvanism. 

The method having been first used by Mr. Bond at 
Cambridge, in North America, has been adopted else- 
where, and especially at Greenwich, where it is used 
for all the instruments ; and consequently a collection 
of galvanic batteries is thus as necessary a part of the 
apparatus of the establishment as its graduated circles 
and arcs. 
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ACOUSTICS. 


CHAPTER III. 

Sound. 

The Velocity of Sound in Water. 

T he Science of which the history is narrated in 
this Book has for its objects, the minute Vibrations 
of the parts of bodies such as those by which Sounds 
are produced, and the properties of Sounds. The 
Vibrations of bodies are the result of a certain tension 
of their structure which we term Elasticity, The 
Elasticity determines the rate of Vibration: the rate 
of Vibration determines the audible note : the Elas- 
ticity determines also the velocity with which the 
vibration travels through the substance. These points 
of the subject, Elasticity, Rate of Vibration, Velocity 
of Propagation, Audible Note, are connected in each 
substance, and are different in different substances. 

In the history of this Science, considered as tending 
to a satisfactory general theory, the Problems which 
have obviously offered themselves were, to explain the 
properties of Sounds by the relations of their constituent 
vibrations ; and to explain the existence of vibrations 
by the elasticity of the substances in which they 
occurred : as in Optics, philosophers have explained 
the phenomenon of light and colours by theUndulatory 
Theory, and are still engaged in explaining the 
requisite modulations by means of the elasticity of the 
Ether. But the UnduUdory Theory of Sound was 
seen to be true at an early period of the Science : and 
the explanation, in a general way at least, of all kinds 
of such undulations by means! of the elasticity of the 
vibrating substandfes has been performed by a series 
of mathematicians of whom I have given an account 
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in this Book. Hence the points of the subject alrekdy 
mentioned (Elasticity, Vibrations and their Prop/tga- 
tion, and N ote,) have a known material dependence, 
and each may be employed in determining the other : 
for instance, the Note may be employed in determin- 
ing the velocity of sound and the elasticity of the 
vibrating substance. 

Chladni,^ and the Webers,^ had made valuable 
experimental inquiries on such subjects. But more 
complete investigations of this kind have been con- 
ducted with care and skill by M. Wertheim.^ For 
instance, he has determined the velocity with which 
sound travels in water, by making an organ-pipe to 
sound by the passage of water through it. This is a 
matter of some difficulty; for the mouthpiece of an 
organ-pipe, if it be not properly and carefully con- 
structed, produces sounds of its own, which are not the 
genuine musical note of the pipe. And though the 
note depends mainly upon the length of the pipe, it 
depends also, in a small degree, on the breadth of the 
pipe and the size of the mouthpiece. 

If the pipe were a mere line, the time of a vibration 
would be the time in which a vibration travels from 
one end of the pipe to the other ; and tlius the note for 
a given length (which is determined by the time of 
vibration,) is connected with the velocity of vibration. 
He thus found that the velocity of a vibration along the 
pipe in sea- water is 1157 'imtres per second. 

But M. Wertheim conceived that he* had previously 
shown, by general mathematical reasoning, that the 
velocity with which sound travels in an unlimited 
expanse of any substance, is to the velocity with which 
it travels along a pipe or linear strip of the same sub- 
stance as the square root of 3 to the square root of 2. 
Hence the velocity of sound in sea-water would be 
1454 on^tres di. second. The velocity ofisound in air is 
332 metres. 


Traiti d^Acmstique, 1809. 2 Wellenlehre., i85z. 

3 M^moires de Physique M 4 cmique,^ Paris, 1848. 
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Wertheim also employed the vibrations of rods of 
stei^ and other metals in order to determine their modu- 
lus of elasticity — that is, the quantity which determines 
for each substance, the extent to which, in virtue of its 
elasticity, it is comi)ressed and expanded by given pres- 
sures or tensions. For this purpose he caused the rod 
to vibrate near to a tuning-fork of given pitch, so that 
both the rod and the tuning-fork by their vibrations 
traced undulating curves on a revolving disk. The 
curves traced by the two could be compared so as to 
give tbeir relative rate, and thus to determine the elas- 
ticity of the substance. 
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PHYSICAL OPTICS. 


Photogi^aphy. 

I HAVE, at the end of Chapter xi., stated that the 
theory of which I have endeavoured to sketch the 
history professes to explain only the phenomena of 
radiant visible light; and that though we know that 
light has other properties — for instance, that it produces 
chemical effects — tliese are not contemplated as included 
within the domain of the theory. The chemical effects 
of light cannot as yet be included in exact and general 
truths, such as those which constitute the undulatory 
theory of radiant visible light. But though the 
present age has not yet attained to a Science of the 
chemistry of Light, it has been enriched with a most 
exquisite Art, which involves the principles of such a 
science, and may hereafter be made the instrument of 
bringing them into the view of the philosopher. I 
speak of the Art of Photography, in Vhich chemistry 
has discovered the means of producing surfaces almost 
as sensitive to the modifications of light as the most 
sensitive of organic textures, the retina of the eye ; and 
has given permanence to images which in the eye are 
only momentary impressions. Hereafter, when the 
laws shall have been theoretically established, which 
connect the chemical constitution of T^odies with the 
action of light upon them, the prominent names in the 
Prelude to such an Eppeh must be those who by their 
insight, invention, and perseverance, discovered and 
carried to their present marvellous perfection the 
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processes of photographic Art : — Niepce and Daguerre 
in Ifrance, and our own accomplished countryman, 
Mr, Fox Talbot. 

Fluorescence, 

As already remarked, it is not within the province 
of the undulatory theory to explain the phenomena of 
the absorption of light which take place in various 
ways when the light is transmitted through various 
mediums. I have, at the end of Chapter iii., given 
the reasons which prevent my assenting to the assertion 
of a special analysis of light by absorption. In the 
same manner, with regard to other effects produced by 
media upon light, it is sufficient for the defence of the 
theory that it should be consistent with the possibility 
of the laws of phenomena which are observed, not that 
it should explain those laws; for they belong, appa- 
rently, to another province of philosophy. 

Some of the optical properties of bodies which have 
recently attracted notice appear to be of this kind. It 
was noticed by Sir John HerscheP that a certain 
liquid, sulphate of quinine, which is under common 
circumstances colourless, exhibits in certain aspects 
and under certain incidences of light, a beautiful 
celestial blue colour. It appeared that this colour 
proceeded from the surface on which the light first fell; 
and colour thus produced Sir J. Herschel called 
epipolic colours, and spoke of the light as epipolized. 
Sir David Brewster had previously noted effects of 
colour in transparent bodies which he ascribed to 
internal dispersion: ^ and he conceived that the colours 
observed by Sir J. Hei*schel were of the same class. 
Professor Stokes^ of Cambridge applied himself to the 
examination of these phenomena, and was led to the 
conviction that they arise from a power which certain 
bodies possess, »»f changing the colour, and with it, the 
refrangibility of the rays of light which fall upon them: 


^ Phil. Trans. i845. * Edir^. Trans. i833. 

3 Phil. Trans. i852 and 1854. 
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and he traced this property in vaiious substances, into 
various remarkable consequences. As this charge of 
refrangibility always makes the rays less refrangible, 
it was proposed to call it a degradation of the light ; or 
again, dependent emission, because the light is emitted 
in the manner of self-luminous bodies, but only in 
dependence upon the active rays, and so long as the 
body is under their influence. In this respect it 
differs from phosphorescence, in which light is emitted 
without such dependence. The phenomenon occurs in 
a conspicuous and beautiful manner in certain kinds of 
fluor spar : and the term fluorescence, suggested by 
Professor Stokes, has the advantage of inserting no 
hypothesis, and will probably be found the most gene- 
rally acceptable.^ 

It may be remarked that Professor Stokes rejects 
altogether the doctrine that light of definite refrangi- 
bility may still be compound, and may be analysed 
by absorption. He says, ^ I have not overlooked the 
remarkable effect of absorbing media in causing ap- 
parent changes of colour in a pure spectrum; but this 
I believe to be a subjective phenomenon depending 
upon contrast.’ 


CHAPTER XIII. 
Undulatory Theory, 


Direction of the Transverse Vibrations in Polarization, 

I N the conclusion of Chapter xiii. I have stated that 
there is a point in the undulatory theory which 
was regarded as left undecided by Young and Fresnel, 
and on which the two different opinions have been 
maintained by different Tnathematicians; namely, 
whether the vibration| of polarized light are perpen- 
dicular to the plane of polarization or in that plane. 


* See PhU, Tram. i85i» 
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Profecsor Stokes of Cambridge has attempted to solve 
this question in a manner wliich is, theoretically, ex- 
ceedinj^ly ingenious, though it is difficult to make the 
requisite experiments in a decisive manner. The 
method may be briefly described. 

If polarized light be diffracted (see Chap. xi. sect. 2), 
each ray will be bent from its position, but will still be 
polarized. The original ray and the diftVacted ray, 
thus forming a broken line, may be snj^posed to be 
connected at tlie angle by a universal joint (called a 
Hookds Joint), such that when the original ray turns 
about its axis, the diffracted ray also turns about its 
axis; as in the case of the long handle of a telescope 
and the screw which is turned by it. Now if the 
motion of the original ray round its axis be uniform, 
the motion of the diffracted ray round its axis is not 
uniform : and hence if, in a series of cases, the planes 
of polarization of the original ray differ by equal 
angles, in the diffracted ray the planes of polarization 
will differ by unequal angles. Then if vibj’atidus be 
perpendicular to the plane of polarization, the planes 
of polarization in the diffracted rays will be crowded 
together in the neighbourhood of the plane in which 
the diffraction takes place, and will be more rarely 
distributed in the neighbourhood of the plane perpen- 
dicular to this, in which is the diffracting thread or ' 
groove. 

On making the experiment. Prof. Stokes conceived 
that he found, in his experiments, such a crowding 
of the planes of diffracted polarization towards the 
plane of diffraction ; and thus he held that the hypo- 
thesis that the transverse vibrations which constitute 
polarization are perpendicularly transverse to the i)lane 
of polarization was confirmed.^ 

But Mr. Holtzman,^ who, assenting to the reasoning, 
has made the experiment in a somewhat different 
manner, has obtained an opposite result ; so that the 
point may be regarded as stiU^ doubtful. 


1 Camh. Trans* toI. ix. part i. i849> ^ PMl, Mag,, Feb. i857. 

VOL. II. 1 I 
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Final Jjw'proof of the Emission Theory, 

As I have stated in the History, we cannot properly 
say that there ever was an Emission Theory of Light 
which was the rival of the XJndulatory Theory : for 
while the undnlatory theory provided explanations of 
new classes of phenomena as fast as they arose, and exhi- 
bited a consilience of theories in these explanations, the 
hypothesis of emitted particles required new machinery 
for every new set of facts, and soon ceased to be capable 
even of exiu-essiug the facts. The simple cases of the 
ordinary reflexion and refraction of light were ex- 
plained by Newton on the supposition that the trans- 
mission of light is the motion of particles : and though 
his explanation includes a somewhat harsh assumption 
(that a refracting surface exercises an attractive force 
through a fixed finite space), the authority of his great 
name gave it a sort of permanent notoriety, and made 
it to be regarded as a standard point of comparison 
between a su])posed ‘ Emission Theory ' and the undu- 
lation theory. And the way in which the theories were 
to be tested in this case was obvious : in the New- 
tonian theory, the velocity of light is increased by the 
refracting inedinin; in the undulatory theory, it is 
diminished. On the former hypothesis the velocity of 
light in air and in water is as 3 to 4 ; in the latter, as 
4 to 3. 

But the immense velocity of light made it appear 
impossible to moiisure it, within the limits of any finite 
space which we can occupy with refracting matter. 
The velocity of light is known from astronomical phe- 
nomena; — from the eclipses of Jupiter’s satellites, by 
which it a])pcars that light occu]>ies 8 minutes in 
coming fi*om the sun to the earth; and from the 
aberration of light, by which its velocity is shown to 
be 10,060 times the velocity of the earth in its orbit. 
Is it, then, possible to make apparent so small a dif- 
ference as that between its passing through a few yards 
of air and of water ? 

.Mr. Wheatstone, in 1831, invented a machine by 
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which this could be done. His object was to deter- 
mine JJie velocity of the electric shock. His apparatus 
consisted in a small mirror, turning with great velocity 
about an axis which is in its own ]dane, like a coin 
spinning on its edge. The velocity of spinning may 
be made so great, that an object reflected shall change 
its place perceptibly after an almost inconceivably 
small fraction of a second. The application of this 
contrivance to measure the velocity of light, was, at 
the suggestion of Arago, who had seen the times of the 
rival theories of light, undertaken by younger men at 
Paris, his eyesight not allowing him to prosecute such 
a task himself. It was necessary that the mirrors 
should turn more than 1000 times in a second, in order 
that the two images, produced, one by light coming 
through air, and the other by light coming through an 
equal length of water, should have places perceptibly 
ditferent. The mechanical difficulties of the experi- 
ment consisted in keeping up this great velocity by the 
niJbhinery without destroying the inachiuery, and in 
transmitting the light without too much enfeebling it. 
These difficulties were overcome in 1850, by M. Fizeau 
and M. Leon Foucault separately : and the result was, 
that the velocity of light was found to be less in water 
than in air. And thus the Newtonian explanation of 
refraction, the last remnant of the Emission Theory, 
was proved to be false. 
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THERMOTICS. — ATMOLOGY. 


CHAPTER III. 

The Kelation of Vapour and Air. 


Sect 4 . — Force of Steam. 

T he experiments on the elastic force of steam made 
by the French Academy are fitted in an especial 
manner to decide the question between rival formulae, 
in consequence of the great amount of force to which 
they extend; namely, 60 feet of mercury, or 24 atmo- 
spheres: for formulae which give results almost indis- 
tinguishable in the lower part of the scale diverge 
widely at tliose elevated points. Mr. Waterston^ ^laS 
reduced both these and other experiments to a rule in 
the following manner: — He takes the zero of gaseous 
tension, determined by other experimenters (Rudbeyg, 
Magnus, and Regnault,) to be 461'" below the zero of 
Fahrenheit, or 274° below the zero of the centigrade 
scale: and temperatures reckoned from this zero he 
calls ‘ G temperatures.’ The square root of the G tem- 
peratures is the clement to which the elastic force is 
referred (for cei tain theoretical reasons), and it is found 
that the density of steam is as the sixth power of this 
element. The argument of this rule with the special 
results is strikingly close. A like rule was found by 
him to apply generally to many other gases in contact 
with their liquids. 

ButM. Begnault has recently investigated the subject 
in the most complete and ample manner, and has 
obtained results sgipewhat •different.^ He is led to 


* PhU. Tram. i85^. 

Mem. deVrnstUutf vol. xxi. (1847). M. Kcgnault’s Memoir occu- 
pies 7 (» 7 pages. 
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the conclusion that no formula proceeding by a power 
of the temperature can represent the experiments. He 
also fimls that the rule of Dalton (that as the tempera- 
tures increase in arithmetical progression, the elastic 
force increases in geometric progression) deviates from 
the observations, especially at high temperatures. 
Dalton’s rule would be expressed by saying that the 
variable part of the elastic force is as a*, where t is the 
temperature. This failing, M. Regnault makes trial 
of a formula suggested by M. Biot, consisting of a sum 
of two terms, one of which is as and the other 
as and in this way satisfies the experiments very 
closely. But this can only be considered as a formula 
of interpolation, and has no theoretical basis. M. Boche 
had proposed a formula in which the force is as a*, z 
depending upon the temperature by an equation® to 
which he had been led by theoretical considerations. 
This agrees better with observation than any other 
formula which includes only the same number of 
coefficients. 

Among the experimental thermotical laws referred 
to by M. Begnault are, the Law of Watt,^ that ‘the 
quantity of heat which is required to convert a pint of 
water at a temperature of zero into steam, is the same 
whatever be the pressure.* Also, the Law of Southern, 
that ‘ the latent heat of vaporization, that is the heat 
absorbed in the j)assage from the liquid to the gaseous 
consistence, is constant for all purj)oses: and that we 
obtain the total heat in adding to the constant latent 
heat the number which represents the latent heat of 
steam.’ Southern found the latent heat of the steam 
of water to be represented by about 950 degrees of 
Fahrenheit.® 


t 

3 The equation z = ^ ’ 

^ See Robison’s Mechanical Philosophy, vol. ii. f). 8. 
3 lb. p. 160. 
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Sect, 5 . — Temperature of the Atmosphere. 

I may noMce, as important arllitions to our know- 
ledge on this subject, the results of four balloon ascents 
made in 1852,® by the Committee of the Meteoro- 
logical Observatory established at Kew by the British 
Association for the Advancement of Science. In these 
ascents the observers mounted to more than 13,000, 
18,000, and 19,000 feet, and in the last to 22,370; by 
which ascent the tempei'ature fell from 49 degrees to 
nearly 10 degrees below zero : and the dew-point fell 
from 37° to 12°. Perhaps the most marked result of 
these observations is the following : — The temperature 
of the air decreases uniformly as we ascend above the 
earth’s surface; but this decrease does not go on con- 
tinuously. At a certain elevation, varying on different 
days, the decrease is arrested ; and for a depth of two 
or three thousand feet of air, the temperat\ire decreases 
little, or even increases, in ascending. Above this, the 
diminution again takes place at nearly the same rate as 
in the lower regions. This intermediate region of un- 
decreasing temperature extended, in the various ascents, 
from about altitude 4000 to 6000 feet, 6500 to 10,000, 
2000 to 4500, and 4000 to 8000. This interruption in 
the decrease of temperature is accompanied by a large 
and abrupt fall in the temperature of the dew-point, or 
by an actual conden.sation of vapour. Thus, this region 
is the region of tJie clo'udsy and the increase of heat 
appears to arise from the latent heat liberated when 
aqueous vapour is formed into clouds. 


* Phil, Trans. i853. 
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CHAPTER IV. 

Theories op Heat. 

The Dynamical Theory of Heat, 

T hat the transmission of radiant Heat takes place 
by means of the vibrations of a medium, as the 
transmission of Sound certainly does, and the trans- 
mission of Liglit most probably, is a theory which, as I 
have endeavoured to explain, has strong arguments and 
analogies in its favour. But that Heat itself, in its 
essence and quantity, is Motion, is a hypotliesis of 
quite another kind. This hypothesis has been recently 
asserted and maintained with great ability. The doc- 
trine tlius asserted is, that Motion may be converted 
into Heat, and Heat into Motion ; that Heat and Motion 
may produce each otlier, as we see in the rarefaction 
and condensation of air, in steam-engines, and tlie like : 
and that in all such cases the Motion produced and the 
Heat ex])ended exactly measure each other. The foun- 
dation of tliis theory is conceived to have been laid by 
Mr. Joule of Manchester, in 1844; and it has since 
been j)rosecuted by him and by Professor Thomson of 
Glasgow, by ex jieri mental investigations of various 
kinds. It is difficult to make these experiments so as 
to be quite satisfactory; for it is difficult to measure 
all the heat gained or lost in any of the changes here 
contemplated. That friction, agitation of fluids, con- 
densation of gases, conversion of gases into fluids and 
liquids into solids, produce heat, is undoubted: and 
that the quantity of such heat niay be measured by 
the mechanical force which produces it, or which it 
produces, is a generalization which will very likely be 
found a fertile Source of new propositions, and probably 
of important consequences. 

As an example of the conclusions which Professor 
Thomson draws from this doctrine of the mutual con- 
version of motion and heat, I may mention his spe- 
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dilations concerning the cause which produces and 
sustains the heat of the sun.' He conceives that the 
support of the solar heat must be meteoric matter 
which is perpetually falling towards the globe of the 
sun, and has its motion converted into heat. He in- 
clines to think that the meteors containing the stores 
of energy for future Sun-light 'must be principally 
within the earth’s orbit ; and that we actually see them 
there as the * Zodiacal Light,* an illuminated shower, 
or rather tornado, of stones. The inner parts of this 
tornado are always getting caught in the Sun’s atmo- 
sphere, and drawn to his mass by gravitation. 


* Of the Mechanical Energies of the Solar System. Edinh. Tram. 
yol. xxi. part i. (i854)> P- 67* 
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